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Differences in the incidence and prognosis of abdominal aortic aneurysms 
between men and women remain unexplained and insufficiently explored. While men are 
4-5 times more likely to develop the disease, women are more likely to experience 
complications. Currently, screening for abdominal aortic aneurysms in women is not 
recommended due to the low incidence of the disease. However it remains clear that 
some women do develop the disease and for those who do, the consequences can be dire. 
Identification of risk factors beyond those classically associated with aneurysm 
development could be critical in improving how we care for women. We recruited 
healthy men and women and used MRI to quantify abdominal aortic hemodynamics to 
assess if men are exposed to more pro-inflammatory wall shear stress than women. We 
evaluated innate vascular properties that we expected to both exert control over aortic 
hemodynamics and to be significant different between the sexes. With this work, we 
showed that men and women exhibit significant differences in the hemodynamics of the 
abdominal aorta with men experiencing a higher degree of oscillatory shear than women. 
This supports the theory that early exposure to pro-inflammatory shear in men may 
predispose them to developing aneurysms. Additionally, we demonstrated an increase in 
vascular curvature of the abdominal aorta in women which was associated with an 
increase in the range of oscillatory shear around the circumference of the vessel. In light 
of the increased risk for aneurysms in patients with above the knee amputations and 
spinal cord injuries, we assessed differences in peripheral resistance between the sexes as 
mediated by uterine artery flow and measured by internal iliac artery flow oscillations. To 
 xvi 
do this, we recruited patients with uterine fibroids and hysterectomies whom we expected 
to have altered uterine artery resistance profiles. In comparison with out healthy cohort, 
two cohorts we showed that changes in uterine physiology in these two patient groups are 
significantly associated with changes in aortic wall shear stress. We also demonstrated 
that the presence and differences in uterine flow could be detected by differences in 
internal iliac flow and that these differences in flow. Finally, we measured displacement 
and strain in the aortic wall using MRI. We demonstrated that in both sexes there is a 
significant difference in the primary spherical direction of peak displacement around the 
circumference of the aorta. Further we showed that the heterogeneity in displacement 
direction creates a peak circumferential strain on the lateral walls of the vessel and that 
this strain was higher in women than in men.  
 In conclusion, this work shows that both aortic hemodynamics and vessel 
wall properties are different between men and women. These observations may underlie 
the differences in risk and prognosis of aortic aneurysms and thus provide a basis for 







   
1.1 Women and Cardiovascular Disease 
1.1.1 Awareness and a Need for Research 
  The belief that women are protected from cardiovascular disease (CVD) is no 
longer maintained in the face of statistics showing that heart disease is currently the most 
common cause of death among women in the United States.[1, 2]As early as 1997,  only1 
in 3 women in the US were aware that heart disease was the leading cause of death for 
their sex and the need for a campaign to increase awareness was launched by the 
American Heart Association and other organizations including the National Heart, Lung 
and Blood Institute and the Department of Health and Human Services.[3] In 2012, after 
15 years of implementation, a study revealed that 50% of women over the age of 65 still 
did not know that heart disease was the leading cause of death for women.[4] These 
numbers make it readily apparent that more attention must be paid to understanding the 
specifics of CVD in women, particular what factors put women at risk and which protect 
them. At a 2010 symposium to discuss sex differences in CVD, it was universally 
acknowledged that there still was insufficient research dedicated to understanding the 
differences in how men and women develop and respond to CVD.[5]  
 As with many other differences in disease between men and women, hormonal 
control is a plausible hypothesis. Given the many transcriptional elements regulated by 
estrogen in the cardiovascular system, the hypothesis that estrogen is cardio-protective 
for women prior to menopause is worth considering.[6] However, attempts to align 
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estrogen levels with cardiovascular disease risk have been unsuccessful[7]. More 
importantly, the administration of estrogen to women following menopause fails to offer 
significant cardiovascular protection.[8, 9] Some studies have also demonstrated a 
potential additional risk with exogenous estrogen exposure following menopause, 
although there have been suggestions in the literature that the timing of hormone 
replacement therapy (HRT) must be optimized in order for it to be effective.[10] 
However, this remains an open question and should not be discounted when considering 
the biological differences in men and women and how they contribute to the risk of 
cardiovascular disease.  
1.1.2 Abdominal Aortic Aneurysms 
 One cardiovascular disease in particular, abdominal aortic aneurysm (AAA), 
shows a substantial dichotomy in incidence between the sexes that has not yet been 
sufficiently explained. There is a significantly higher incidence of AAA in men when 
compared with women, with studies estimating an prevalence ratio of four to five 
times.[11] Despite the predilection for disease development in men, the outcomes are 
worse for women.[12] Even with “optimal” therapy, women with  an AAA exhibit a 
higher mortality rate following both open and endovascular repair procedures.[13] While 
the reason for these differences in mortality is unclear, different screening protocols for 
women may contribute to the problem.[14, 15] The U.S. Preventative Services Task 
Force recommends against routine screening for AAA in women due to the low 
incidence.[16] It is possible that when women are diagnosed (a diagnosis based solely on 
size), it is too late in the disease process and the recommended interventions are 
insufficient. Additionally, many of the trials performed to assess the efficacy of surgical 
intervention enroll primarily men and thus may not be applicable to a larger female 
cohort.[17]  
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 Regardless, it is clear that some women do develop AAA and those women are at 
higher risk for mortality in the overall AAA population. Thus it is necessary to 
understand why women (as a population) are at lower risk than men and potentially 
identify which subpopulations of women are at higher risk based as a result of currently 
unidentified factors. [18] Given that the role of estrogen protection from cardiovascular 
disease in the pre-menopausal state has been inconclusive in large scale trials, 
identification of female-specific risk factors could improve care and mortality of women 
with AAA. [19, 20] There exists, however, computational evidence that the higher 
incidence of rupture and mortality experienced by women could be resultant from 
biomechanical forces. [21]. In light of this, there is strong motivation to explore the 
question of pathology from a sex-dependent mechanical perspective as well. 
 Identifying populations of women who are at increased risk for developing AAA 
could provide significant improvement in how we screen women. Smoking and family 
history are among the top risk factors for women with AAA, similar to many other 
cardiovascular diseases.[12] Little work has been done, however, to look at what sex-
specific properties may contribute to the increased predilection of AAA for men. One 
study evaluated the role of pregnancy in risk of AAA, comparing parous women with 
nulligravida women. The authors of that study showed that women with a history 
inclusive of pregnancy were at a reduced risk for developing AAA when compared with 
women without a prior pregnancy.[22] While the authors of this study contributed the 
effects to the levels of estrogen, they neglected to discuss the dramatic changes in 
cardiovascular biomechanics that occur with pregnancy which include a reduction in total 
peripheral resistance, an increase in cardiac output and an increase in uterine flow.[23] 
Given the lack of association demonstrated between estrogen levels and the risk of 
cardiovascular disease, differences in estrogen may not explain the reduction in risk as a 
due to pregnancy. 
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 Thus, we believe that the role of biomechanics in the development of AAA as it 
relates to the differences in disease incidence between men and women is overlooked and 
worth further examination.   
1.2 Cardiovascular Biomechanics 
 With the cyclical contraction of the heart to move blood into both the systemic 
and pulmonary circulation, there comes repeated loading of vessel walls. There are many 
different forces which develop in this process both from the movement of fluid and the 
response of the vessel tissue.[24] These biomechanical forces are known to influence 
vascular morphology and function in development, healthy homeostasis, and disease 
pathology.[25-28] Recently, researchers have begun to better understand the biological 
signaling pathways that sense these forces and the induction of cellular processes that can 
eventually result in disease.[26, 29-31] As a result, biomechanics are becoming a new 
avenue for quantifying CVD risk that may complement serum biomarkers and lifestyle 
risk factors already in use. .  
1.2.1 Fluid Mechanics 
As the blood passes over the endothelial surface of the vessel wall, a shearing 
stress is created as a result of the fluid’s viscosity. One avenue of shear stress sensing is 
through receptor bound mechano-transducing proteins, ion channels, and structural 
proteins on the cell and activates intracellular pathways that influence cellular physiology 
as described in depth in Section 1.3.1.[32, 33] This shear stress is a product of the fluid’s 
viscosity and the gradient of the velocity at the wall in the direction of the lumen’s center. 
In the vascular system, a no-slip boundary condition is assumed so that at the exact 
location of the wall the velocity of the blood is zero. A large wall shear stress (WSS) 
results when there is a large gradient in the velocity from the wall towards the center of 
the vessel. In addition to its magnitude, the shear stress vector also has a direction. The 
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direction of the shear stress is in the direction of the velocity vector at the point closest to 
the wall, and can be in any direction orthogonal to the normal face of the vessel wall. As 
mentioned previously, the cyclical nature of the cardiac cycle means that the WSS vector 
changes both in magnitude and direction as a function of time and there are many 
important biological implications of how these changes affect cellular structure. [34, 35] 
 It was not until the 1980s that the currently accepted theory regarding low and 
oscillatory WSS was proposed.[36] This theory, backed by numerous in vivo and in vitro 
experiments and studies, states that regions of the vascular system which experience low 
and oscillatory wall shear stress are sites of inflammation and are at risk to develop early 
atherosclerotic/inflammatory vascular disease.[37-39] However this theory is challenged 
by conflicting evidence showing from a literature review that the association between low 
and oscillatory wall shear stress is not always consistent with vascular pathology 
changes.[40] Regardless, it is clear that the directionality and magnitude of WSS 
influences cellular physiology and further assessment of its role in disease development is 
an important direction of cardiovascular research. 
1.2.2 Solid Mechanics 
 In addition to the shearing stress exerted by the velocity gradient of the liquid at 
the wall, the loading of the vessel produces both a stress (a force distributed over a 
deformed area) and an associated strain (change in the length of tissue in reference to an 
earlier time point in the cardiac cycle).[24] Each of these measurements largely depends 
on the specific amounts and orientations of the primary load-bearing constituents of the 
vessel wall, elastin and collagen, and thus will vary at all points along, around, and 
through the vessel wall.[41-43] In the same way that the endothelial cells are capable of 
responding to shear stress through mechano-transducing cellular elements (see Section 
1.3.1), the vessel wall can remodel in response to these loads.[44-46] Mostly these 
changes result in the re-orientation, production, and degradation of collagen and elastin. 
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In the case of vascular disease, this remodeling becomes pathological with excessive 
collagen production or elastin breakdown creating an asymmetry in the vessel wall’s 
material properties and strength.[47] In the case of AAA, this ability to remodel 
appropriately is thought to fail and sections of the wall begin to dilate pathologically 
because the components of the vessel wall can no longer withstand the imposed loads. 
 Much of the work to date to quantify these stresses or strains in vessels is done ex 
vivo where the tissue can measured both in a completely unloaded state and then under a 
variety of loaded conditions.[48, 49] In the human body, however, it is not possible to 
measure the vessel in a truly non-loaded (or even non-stressed) state. Consequently, we 
can only calculate stress or strain in reference to another earlier point in the cardiac cycle. 
Both stress and strain are important in disease progression. Differences among healthy 
populations, however, have not been extensively explored, due in part to the difficulty of 
in vivo measurements. With the advancement of solid tissue imaging in MRI, it is 
possible to begin to characterize the tissue properties of the vascular wall in vivo.[50-53] 
This creates an opportunity to measure “normal” ranges for these parameters and to 
identify potential differences between groups of healthy subjects. For example, little 
work has been done to assess if these normal ranges differ among men and women. It is 
possible that the differences in risk for cardiovascular disease processes could be partially 
explained by differences in the underlying solid mechanics of the vessel between the 
sexes.  
1.3 Wall Shear Stress on the Vascular Wall 
1.3.1 Influence on Endothelial Cells 
 As described previously, WSS represents the force exerted on the vascular wall as 
viscous blood passes over it. Responses to this shearing stress are mediated through 
membrane-bound proteins known as mechanotransducers , ion channels and chemical 
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gradients in addition to the cell’s cytoskeleton. The moving fluid induces conformational 
changes in protein structure of these mechanotransducers or increased flow of ions and 
substrates across the cell membrane. Among these proteins are integrins (activated upon 
immediate exposure to a shear stress), receptor tyrosine kinases, ion channels (which 
affect membrane permeability), and PECAM-1. The cell membrane itself has been shown 
to change its diffusion coefficient when exposed to normal physiological variations of 
WSS.[29, 30, 32, 33, 35, 54] Response by the cytoskeleton to shear stress is explored in 
the theory of tensegrity.[55] This theory describes how these extracellular forces change 
the shape of the cellular skeleton at an elemental level, similarly altering genetic 
expression and intracellular signaling pathways.    
 The cell responds to these forces through activation of intracellular signaling 
pathways so that changes in flow-responsive gene expression that regulate vascular 
health are induced.  For example, Nitric Oxide Synthase-3 (NOS-3) is activated in 
response to arterial flow and induces vasodilation. This is important because a key 
marker of declining vascular health is endothelial dysfunction, the inability to dilate in 
response to changes in flow.[56-59] Genes involved in the thrombotic pathway, including 
thrombomodulin and tissue plasminogen activator, have also been demonstrated to be 
flow sensitive. In the event of low flow, these thrombotic genes are upregulated, which 
explains the development of deep vein thromboses (DVTs) in the lower extremities in the 
presence of homeostasis. Perhaps most importantly are the genetic targets which are 
recruited in inflammatory processes such as vascular cell adhesion molecule-1 (VCAM-
1), intracellular adhesion molecule-1 (ICAM-1), transforming growth factor β (TGF-β), 
and macrophage chemotactic protein-1 (MCP-1).[60] All of these inflammatory genes are 
upregulated at sites of disturbed flow in which the WSS vector is oscillatory rather than 
steady and unidirectional. It is the influence of these genes that are most interesting when 
discussing the role of WSS in the development of cardiovascular disease. Indeed, sites of 
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high oscillatory shear stress coincide with sites of early and advance atherosclerotic 
disease such as the carotid artery, the coronary arteries, and the abdominal aorta.[61]  
1.3.2 Relationship of WSS to the Development of Vascular Disease 
 While the endothelium is the site of the force reception and mechanotransduction, 
the other layers of the vessel wall are also responsive to the forces. As mentioned above, 
in sites of disturbed wall shear stress there is a higher expression of pro-inflammatory 
genes. A net result of this is an increase in the production of reactive oxygen species 
(ROS) which exceed the endogenous ability of the vascular wall to quench them.[62] 
These ROS are capable of acting as signaling molecules affecting changes in the 
expression of genes or levels of protein that regulate cellular health and function.[63] 
This oxidative environment leads to oxidized DNA, proteins, and lipids and cellular 
damage, thus recruiting more pro-inflammatory cell types. In the smooth muscle, the 
presence of low WSS has been shown to stimulate migration resulting in neo-intima 
formation, another hallmark of early vascular disease.[64] While the migration of smooth 
muscle can lead to an increase in the wall’s volume, there is a concurrent upregulation of 
matrix metalloproteinases which result in extracellular matrix degradation.[65, 66] This 
produces a heterogeneous effect around the circumference of growth and remodeling. An 
increased deposit of oxidized lipid content as a result of the pro-inflammatory, high 
oxidative stress environment changes the diffusion constant of the cellular membranes 
which leads to more changes in the makeup of the vessel wall.[67] Depending upon the 
extent of each of these transformations, the region of blood vessel can go on to develop a 
number of different pathological morphologies including a stable plaque phenotype with 
increasing intraluminal remodeling and subsequent narrowing, a vulnerable plaque which 
is at risk for rupture or erosion and thrombosis, or (of particular interest to the project at 
hand) aneurysmal formation in which the heterogeneous remodeling of the site leads to 
an eventual dangerous dilation of the vessel with the potential for rupture.  
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1.4 Abdominal Aortic Aneurysms 
1.4.1 Pathology and Pathogenesis 
 Like most other cardiovascular disease, the development of an abdominal aortic 
aneurysm (AAA) is multifactorial with contributions from genetics, anatomical 
variations, mechanics, biochemistry, and lifestyle choices.[68] Unlike other 
atherosclerotic-based diseases, however, AAA  have uniquely specific risk factor profiles 
with smoking being very highly correlated and diabetes being protective against 
AAA.[69] In the end, an aneurysm develops most commonly in the infrarenal supra-iliac 
aorta rather than in the suprarenal aorta. Because we are concerned with the initiation of 
AAA in this study, a relevant  difference between these two regions is the existence of a 
triphasic waveform in the abdominal aorta in which there is caudal (forward) flow in 
systole, cranial (reverse) flow in early diastole, and caudal flow again in late diastole and 
only biphasic flow in the suprarenal aorta.[70] This increase in flow reversal creates in an 
increase in oscillatory shear, which we expect to elevate vascular inflammation, in the 
abdominal aorta compared with the suprarenal aorta. To bolster this proposed 
relationship, observations in AAA murine models show that the aneurysm co-localizes 
with the highest sites of oscillatory flow in the suprarenal aorta rather than the infrarenal 
aorta as it is in humans.[71]  Thus in two organisms, aortic aneurysms form preferentially 
at sites where WSS oscillation is high prior to disease onset.  
 As the disease progresses, the vessel becomes unable to maintain a 
physiologically normal diameter due to changes in its mechanical properties, mostly in 
the content of the wall’s elastin, collagen and smooth muscle.[72-75] Hypertension has a 
correlation with the development of an aneurysm and it can be hypothesized that stresses 
resulting from the cyclically high blood pressure may induce further degradation of the 
vessel wall and pathological remodeling of the wall. A hallmark of the abdominal aortic 
aneurysm is the destruction the medial layer organizatoin eventually leading to medial 
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necrosis.[75-77]. It has been demonstrated that MMP activity is significantly elevated in 
the wall of aneurysms when compared with non-diseased aortas.[77] Combined with 
proteinase activity of matrix metalloproteinases (MMPs) acting to degrade both elastin 
and collagen, this process results in a weakening of the wall as these are the primary load 
bearing constituents. Ultimately, it is this focal weakening that leads to the pathological 
dilatation and potentially to the rupture of the abdominal aorta.  
 1.4.2 Epidemiology  
 As the development of AAA is slow and insidious, the primary affected 
populations are those in their 60s and 70s (or in the case of women, their 70s and 80s). 
The estimated prevalence of this disease is between 1.3 and 8.9% in men and 1.0 and 
2.2% in women.[12, 78] As a whole, white men aged 55 and older with a history 
significant for smoking are at a higher risk than their female, younger, smoke-free 
counterparts.[79] As discussed previously in section 1.1, women seem to be protected 
from developing the disease and the majority are not diagnosed until approximately a 
decade later in life than men.[17] Overall, smoking is the strongest independent risk 
factor with 90% of aneurysmal patients having a history of cigarrette use. In addition to 
age, a history of smoking, and sex, other notable risk factors include family history of 
aneurysm, and hyperlidemia (though hyperlidemia is much less associated with AAA 
than it is with other cardiovascular disease).[80-82] Because the disease is asymptomatic 
for many patients, often an aneurysm diagnosis is made incidentally on unrelated imaging 
studies. Screening for the disease is recommended for men aged 65 to 75 who have ever 
smoked and is recommended on a case by case basis (in evaluation of additional risk 
factors) for men aged 65 to 75 who have never smoked.[16, 18, 68] However, some 
studies suggest that screening based on aortic diameter is not the most effective method 
of identifying aneurysms at risk for rupture and requiring intervention.[83]  
1.4.3 Treatment and Prognosis 
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 While potential molecular targets have been identified to prevent the progression 
of the disease, there is no current recommended medical therapy to control AAA. This 
field is active, and many are looking at protease inhibitors such as doxycycline to slow 
the rate of growth. However recent negative results raise questions surrounding the utility 
of this drug therapeutically.[84, 85] Lifestyle modifications, particularly smoking 
cessation and hypertension control, are recommended to curb the growth of the aneurysm 
after diagnosis, while regular imaging is used to track the growth rate. The only available 
interventions are open surgical repair and endovascular stent placement. There have been 
numerous trials to assess the utility of open repair vs endovascular repair in either 
elective or recommended surgery groups stratified by aortic size. [86-89] The current 
recommendations for AAA endovascular intervention in the United States are when the 
aneurysm exceeds 5.5 cm or becomes painful and symptomatic. Surgical intervention has 
not been shown to be beneficial in men whose aneurysms measure less than 5.0 cm or in 
women with aneurysms less than 4.5 cm.  
1.5 The Role of Innate Vascular Properties in Controlling Hemodynamics 
 There are many potential intrinsic vascular properties that contribute to 
differences in the WSS profile of a vessel. In this study, we limited out focus to three 
specific properties that we expected to: 1) exhibit significant influence in the abdominal 
aorta and 2) be different between men and women. Specifcally,we elected to look at 
vessel radius and curvature, peripheral flow profiles, and vessel displacement and strain. 
1.5.1 Geometry 
 The primary sites of atherosclerosis development are regions of disturbed flow as 
described previously. These sites of disturbed flow often coincide with changes in the 
cross sectional area of the vessel or in the vessel trajectory, and sites of bifurcations.[90] 
This is particularly true in the peripheral vascular system at the site of the aortic 
bifurcation into the left and right common iliac arteries.[91, 92]  
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 With respect to the influence of cross sectional area, the carotid artery bulb is a 
common site of atherosclerosis because of the change in cross sectional area between the 
common carotid artery and the internal carotid artery. This change induces vortical flow 
patterns and high shear stress oscillations on the outer wall of the carotid bulb.[39, 93, 
94] This location coincides with early intimal-medial thickening that, in the face of 
progressive atherosclerosis, can eventually lead to occlusion and necessitate 
intervention.[95] Beyond just area changes, the radius of a vessel plays a significant role 
in the wall shear stress. In cases of equivalent flow conditions, the wall shear stress will 
be inversely proportional to the cube of the vessel radius.  
 In addition to vessel size, the changes in vessel trajectory, measured by both 
curvature and torsion, play a very important role in how the wall shear stress profile 
develops around the circumference. In the aortic arch, the primary site of early 
atherosclerotic disease is on the inner curvature on the vessel.[96] The curvature 
experiences a lower time averaged wall shear stress when compared with the outer 
curvature as well as more oscillations. Similarly in the abdominal aorta, computational 
studies have indicated that the highest levels of oscillatory shear occur on the posterior of 
the vessel. This coincides with the greatest degree of intimal medial thickness as well as 
the inner curvature of the vessel. [71, 97, 98] 
1.5.2 Peripheral Resistance 
 Compared with the general population, patients with above the knee amputation 
carry a 9 fold increased risk of developing an abdominal aortic aneurysm even when 
analysis controls for all other primary risk factors.[99] The pathophysiological 
mechanism for this has not been well elucidated. However, studies  in humans in which 
an amputation is simulated (via inflation of a blood pressure cuff to well above systolic 
blood pressure)  show that there is a consequential increase in the extent of oscillatory 
flow, and thus oscillatory shear, upstream in the abdominal aorta.[100]  
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 Additionally, patients who are diagnosed with peripheral arterial disease show a 
higher susceptibility to developing AAA relative to other cardiovascular disease.[101, 
102] While this has not been shown mechanistically, it is possible that the increased 
impedance of the peripheral arterial system as a result of vascular disease might affect 
aortic hemodynamics in a similar manner as the amputee population. Similarly spinal 
cord injuries which are known to decrease distal aortic flow and promote low and 
oscillatory shear conditions in the aorta also are independently associated with 
AAA.[103, 104] Given the elevated risk of AAA in these conditions that are known to 
limit or decrease peripheral flow, it is important to evaluate the role of peripheral 
resistance in controlling aortic hemodynamics in men and women.  
 In considering the differences in peripheral resistance as they pertain to men and 
women, the pelvic anatomy represents the biggest divergence in structures between the 
sexes in the periphery. Interestingly, the uterine arteries (branches of the internal iliac 
arteries which supply pelvic blood flow) in women is the one of the only peripheral 
vessels that does not exhibit flow reversal under normal physiological conditions and also 
has a very high flow rate per gram of tissue.[105, 106] In this way, it is possible that 
differences in the resistance or impedance of this artery, as a result of pathological 
conditions or surgical interventions, may mediate changes in aortic hemodynamics 
profile in women.  
1.5.3 Tissue Mechanics 
 The relationship between the mechanical properties of the vessel wall and the 
impact on hemodynamics has been widely acknowledged. Changes in the stiffness of the 
walls mark the age-related decline of vascular health, particularly in the abdominal 
aorta.[41, 107, 108] A stiffer aorta has lost the Windkessel effect of the peripheral arterial 
system which describes the expansion of the aorta (and other large elastic vessels) during 
systole and the retention of that blood as the systemic blood pressure reaches that of the 
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left ventricle.[109] Once systole has ended, the fibers in the vessel wall which have 
extended in response to the pressure loading recoil and dispel the blood to the periphery 
during diastole. In this way, the vessel acts as a capacitor. Stiffening (or a reduction in the 
compliance) of the vessel consequently reduces its. 
 If we consider the other anatomical structures surrounding the aorta (as well as 
many other vessels) we expect vessel displacement to differ as a function of 
circumferential and longitudinal position. These differences contribute to an asymmetric 
displacement around the vessel circumference. In this way, various regions of the vessel 
may be more predisposed to stretching of the aforementioned microstructural fibers in the 
wall and alter the extent to which the vessel is able to retain flow in a reservoir during 
systole. The heterogeneity of not only the surrounding anatomy but also of the tissue 
properties will relate to a difference in the imposed stresses and strains.  
1.6 Cardiovascular Biomechanics Imaging 
1.6.1 Fluid Imaging 
 Phase contrast MRI (PCMR) is an MR sequence used to visualize and quantify 
vascular flow.[110-113] PCMR uses the difference in phase shift between static and 
moving tissue created by an applied magnetic field gradient to measure velocity in a 
defined direction. In PCMR, two image sets are acquired in the sequence. If the tissue is 
static, these two images will cancel each other out and there will be zero phase shift. If 
the tissue moves, however, as in the case of blood flow then a phase shift directly 
proportional to the velocity in the direction of the gradient will be produced in the pixel. 
Varying the strength and the direction of this gradient allows us to assess velocity over a 
certain range (set by a defined velocity encoding value) and in a direction either through 
the plane of the image or in the plane of an image.[110]  
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 There are numerous applications of phase contrast imaging in the cardiovascular 
system including peak velocity measurements, velocity profile measurement, and perhaps 
most widely used is flow measurement. [114] Using the velocity data from the phase 
images, one could segment a region of interest and the sum over the product of the image 
pixel area and the individual velocities to create a flow waveform. This is one of the most 
common applications of PCMR. PCMR has been shown to reliably quantify flow when 
verified through the use of flow pumps and realistic phantoms of human anatomy.[112] 
When resolution of the image, signal to noise ratio (SNR) and the segmentation algorithm 
are optimized for a specific vessel, the flow errors quantified are less than 5%. Because 
PCMR’s high reproducibility in determining of flow waveforms we elected to use flow as 
a primary input method to quantify WSS in this study. 
1.6.2 Tissue Imaging 
 Much of the focus in studying tissue mechanics in the cardiovascular system in 
MRI has been centered on cardiac mechanics. Applications in the vascular system are 
limited due to the potential MR resolution relative to the size of vessels. Much of what 
has been studied, particularly in the abdominal aorta, focuses on quantifying compliance 
and distensibility.[52, 115-118]  Compliance measurements are often estimated through 
the use of pulse wave velocity (PWV, the amount of time it takes the systolic wave front 
to travel from one location of the vascular system to another).[50, 119, 120] This type of 
calculation relies heavily on assumptions including a presumed (homogeneous) wall 
thickness as well as an imprecise method of determining aortic length. Despite these 
shortcomings, PWV measurements have still been shown to be a reasonably predictive 
biomechanics biomarker in the general population for cardiovascular disease risk.[121] 
Distensibility measurements are most often made using in-plane cine MR image 
acquisitions in which high resolution black blood images are acquired at multiple time 
points throughout the cardiac cycle.[122] The lumen is segmented at each time point and 
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the area is calculated and tracked from one time point to the next. While this method does 
provide information about how the vessel lumen changes in diameter, it does not provide 
much information about the actual tissue mechanics properties.  
 A sequence commonly used in cardiac mechanics is Displacement Encoding with 
Stimulated Echoes (DENSE).[123] This sequence allows for the evaluation of the 
displacement of tissue inside each voxel. In the vascular setting, there is only one 
published report of using this sequence in the aorta.[124] In that study, displacement was 
measured at one time point in systole and another time in in diastole and a single 
displacement and strain value was computed around the vessel circumference using these 
two time points. In the studies involving cardiac mechanics, the sequence was used to 
capture displacement information at many times over the cardiac cycle. In this way it is 
possible to define displacement fields over the vessel as a function of time. Strain can 
then be calculated by a variety of methods[125-128]. Using this technique, it would be 
possible to make inferences about the heterogeneity of mechanics around the vessel. 
Application of this method in a cine fashion in the vessel represents a novel imaging 
technique for quantifying vascular mechanics.   
1.7 Summary 
 The underlying pathophysiological differences in the development of 
cardiovascular disease between men and women remain poorly understood, particularly 
in the case of abdominal aortic aneurysms. While the prevalence is higher in men than 
women, the burden of mortality is much greater for women once they have developed the 
disease. For this reason, there is a need for a sex-based approach to studying this and 
other CVD processes as cardiovascular disease remains the most common cause of death 
among both men and women in the United States. The ability to screen for risk factors 
specific for this disease has the potential to improve management of the disease. 
However, the currently identified risk factors are limited to lifestyle choices and do not 
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include any underlying pre-dispositions that are of considerable importance. The research 
proposed in this study has the potential to identify those women who are at increased risk 
for the disease, allowing for early intervention and even prevention and thus reducing the 




Hypothesis and Specific Aims 
Abdominal aortic aneurysms (AAA) are 4-5 times more prevalent in men than 
women and tend to occur earlier in life in men. Although the prevalence is greater for 
men, the risk of mortality within the AAA population is higher for women. This increase 
in mortality persists with optimal surgical intervention in aneurysms at risk for rupture. 
Despite this dichotomy between the two populations, little work has to been undertaken 
to evaluate what possible pathophysiological mechanisms drive the difference in disease 
development.  
Both cardiovascular solid and fluid mechanics have been shown to be important 
in the development of inflammation-mediated vascular disease. However, their role in 
sex-dependent pathophysiology has been only minimally explored. Previous work has 
shown that biomechanics may explain rupture risk and mortality within the AAA 
population but the hypothesis that mechanics may explain why men are more likely to 
develop the disease than women has not yet been tested. The objective of this project is to 
evaluate if the biomechanics of the abdominal aorta are significantly different between 
healthy men and women. We evaluated the role of WSS and particularly oscillatory shear 
was chosen as a primary endpoint of interest because of the co-localization of oscillatory 
shear with the development of early vascular disease in the abdominal aorta. Further, the 
project seeks to assess which innate vascular properties could explain such a difference in 
hemodynamics. In addition to the fluid biomechanics, we evaluated the aortic wall tissue 
displacement and strain to study any potential differences in the tissue mechanics 
between the sexes. Beyond the physical properties explored in this project, there are 
many other important biological factors that could contribute to differences in the risk of 
disease development in progression.  
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While there are many potential differences that exist between men and women 
which could result in a difference in WSS patterns. We examined three vascular 
properties that we hypothesized to have a strong association to hemodynamics as a result 
of differences between the sexes: geometry, peripheral resistance and tissue 
displacement/strain. 
Vessel curvature is known to play an important role in influencing the 
development of WSS profiles in other regions of the vascular system. For this study, we 
examined the geometry of the abdominal aorta in its role of hemodynamic differences 
between men and women because the female lumbar spine exhibits a higher degree of 
lordosis (anterior curvature) in order to allow for a greater pelvic opening. In addition to 
curvature, we elected to look at the aortic radius along the length of the vessel because it 
is known that in the population as a whole, men are larger than women. Mathematically, 
WSS should be inversely proportional to the cube of the radius if all other conditions are 
equivalent. Thus differences in the actual size of the vessel may contribute to any 
observed differences in WSS.  
  Peripheral resistance may differ between men and women because of the 
anatomical differences between the sexes in pelvic structures. The presence of a uterus 
creates a low resistance network that exists solely in the female peripheral arterial system 
with no anatomic male analog and may influence hemodynamics in the aorta. We 
expanded on this hypothesis and identified patient populations whom we expected to 
have altered uterine artery flow to assess the contribution to aortic hemodynamics. We 
included women with symptomatic fibroids which are large highly vascularized uterine 
tumors which can be treated by arterial embolization (to starve circulation and induce 
tumor necrosis) to provide us with a representation of reduced uterine artery resistance. 
We also recruited women with a medical history significant for hysterectomy. In the case 
of hysterectomy, we expect there would be an increase in the resistance of the uterine 
artery once the organ is removed. In this way we sought to evaluate the differences in 
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peripheral flow and aortic WSS at baseline between men and women as well as when 
peripheral conditions are modulated.  
Finally, we proposed that tissue mechanics, specifically vessel wall displacement 
and strain, may be different between men and women, given the relationship between 
increased aortic stiffness and increased risk of cardiovascular disease. We elected to 
explore how such measurements might differ between the sexes using in vivo 
measurements because prior histological studies have suggested differences in the 
extracellular collagen content and orientation of the abdominal aortas of men and women. 
Differences in baseline tissue mechanics could predispose men to development of the 
disease or could explain why women are more likely to rupture once AAA develops.   
2.1 Central Hypothesis 
Our primary hypothesis for this work is that abdominal aortic hemodynamics are 
significantly different between men and women. More specifically, we hypothesize that 
men will exhibit more oscillatory shear than women which pre-disposes them to an 
increased risk of abdominal aortic aneurysm. 
Stemming from this primary hypothesis we proposed 3 sub-hypotheses, namely 
that this difference would be mediated by aortic geometry, peripheral resistance in the 
lower body, and tissue displacement and strain.  
2.2 Approach 
To test our hypothesis we recruited healthy men and women, free of 
cardiovascular disease and its major risk factors, as well as patients with altered uterine 
artery blood flow. We acquired non-contrast angiograms of the aorta and peripheral 
vasculature, phase contrast magnetic resonance images of blood velocity in the 
abdominal aorta and peripheral vessels, and displacement encoding of the aortic wall 
with stimulated echoes (DENSE) image sets. We developed a novel method for 
quantifying WSS from two dimensional phase contrast images and applied it to all 
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volunteer groups. We then evaluated aortic geometry and peripheral flow profiles to 
assess their relationship with aortic WSS data independently.  
2.3 Aim 1a: Differences in Wall Shear Stress Profiles of Men and Women 
Assess circumferential and longitudinal differences in the abdominal aorta wall shear 
stress profiles of men and women by phase contrast MRI.  
The purpose of this aim was to develop a novel method to measure WSS in the 
abdominal aorta using 2D PCMR so that we could answer the question: Are there 
differences between men and women’s abdominal aortic wall shear stress profiles? Using 
this method, we quantified oscillatory shear index and time averaged WSS magnitude 
and compared how these parameters change between healthy men and women. 
 The hypothesis for this aim was: Men exhibit a greater degree of oscillatory shear 
in the abdominal aorta than women. This could explain, at least in part, the increased risk 
of developing aortic aneurysms for men when compared with women.  
To test this hypothesis, we recruited healthy men and women aged 30-42 and 
performed multiple PCMR acquisitions along the length of the aorta. We then applied our 
method for quantifying WSS, and mapped WSS values for each volunteer to a 
normalized two dimensional map describing circumferential and longitudinal changes of 
these metrics. This methodology allows us to create average WSS parameter maps for 
both sexes that were spatially equivalent relative to each volunteer’s own anatomy.  
2.4 Aim 1b: Role of Geometry Differences in Wall Shear Stress Profiles 
Determine how aortic curvature and radius differs between men and women and to 
determine if these geometric properties influence regional wall shear stress in a sex-
dependent manner. 
The second part of this aim proposes to answer two questions. First, is the curvature 
or radius of the abdominal aorta significantly different between men and women? In 
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women, the region of the spine to which the abdominal aorta is bounded is more lordotic 
(curved anteriorly) than in men due to the tilt of the pelvis. As a result it is reasonable to 
wonder if this difference in skeletal anatomy is associated with a difference in vascular 
geometry. Secondly, does a difference in curvature or size relate to any differences in 
hemodynamics? It is known that the shape and size of a vessel can dramatically influence 
the WSS profile and so it is reasonable to hypothesize that differences in geometry can 
explain differences in wall shear stress parameters such as oscillatory shear index.   
The hypothesis for this aim is: differences in aortic radius will be associated with 
differences in WSS profiles between men and women. We will determine if these two 
geometric parameters will have an effect on the differences in WSS between the two 
populations. 
To test this hypothesis, we acquired non-contrast angiograms of the abdominal aorta 
and peripheral vessels in addition to the PCMR images acquired as part of Aim 1a. We 
created three dimensional reconstructions of the vasculature and determined vessel 
centerlines and computed the curvature and radius of the vessel as a function of position 
along the length and compared these values between the sexes. We then evaluated if local 
geometry correlated with sex-dependent differences in wall shear stress between men and 
women. 
2.5 Aim 2: Contribution of Peripheral Resistance to Wall Shear Stress 
Ascertain the role of peripheral resistance as mediated by uterine artery blood flow on 
the aortic hemodynamics of women than men.  
The purpose of this aim was to answer the question: does the presence of uterine 
artery blood flow correlate with differences in aortic hemodynamics? Peripheral 
resistance is known to play an important role in WSS profiles. Lower limb amputees have 
a significantly higher risk of developing AAA than do the rest of the population, and they 
also have an increase in their peripheral resistance as a result of the appendage loss. 
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Conversely, presence of the highly vascularized uterus could reduce the peripheral 
resistance thus lowering the amount of flow reversal in the abdominal aorta and 
decreasing the level of pro-inflammatory oscillatory shear. Further, population studies 
have shown that parous women who experience increased uterine artery flow as a result 
of the pregnancy are less likely to develop AAA when compared with non-parous 
women. For these reasons, we elected to look at patient populations for whom we expect 
to have altered uterine flow. 
Our hypotheses for this work were three fold: 
1. Men will exhibit higher peripheral resistance than women as assessed by internal iliac 
and external iliac flow reversal as a proxy measure.  
2. Women who have had hysterectomies will have higher peripheral resistance than women 
with intact uterine anatomy. 
3. Women who have uterine fibroids requiring intervention will demonstrate lower 
peripheral resistance than women without fibroids.  
Because the uterine arteries are too small to measure its flow by MRI, and because 
men lack a uterine artery, we elected to quantify flow through the internal iliac arteries 
which supply blood to the pelvis and are the parent vessels of the uterine arteries. We 
also quantified flow in the external iliac arteries to control for any differences in lower 
body mass that may exist between our patient and control groups. 
To test these hypotheses, we recruited separate populations of women aged 30-42 
either prior to embolization to treat uterine fibroids or following a hysterectomy 
procedure. For all these women, phase contrast imaging was acquired in the abdominal 
aorta halfway between the renal artery origin and the aortic bifurcation to quantify WSS. 
PCMR images were also taken in the internal and external iliac arteries to measure the 
flow wave forms. These same image sets were acquired in our healthy volunteers from 
Aim 1 and comparisons of results were made amongst all four groups. We also evaluated 
the relationship between each of these peripheral flow conditions and aortic OSI. 
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2.6 Aim 3: Measuring Tissue Displacement and Strain in Men and Women 
Determine whether aortic wall displacement over the cardiac cycle as measured by 
DENSE MRI differs between men and women and assess whether circumferential strain 
varies amongst these two populations.  
The purpose of this aim was to assess if we could measure a difference in the 
displacement or circumferential strain of the abdominal aortas between men and women. 
DENSE MRI has previously been used in the myocardium to quantify displacement and 
to assess cardiac function using strain values. Until now, this sequence had not been 
utilized in the vascular system in a cine fashion and so its implementation provides a 
novel application of the technique.  
The hypothesis for this aim was: women will experience a higher degree of 
displacement in the aorta when compared with men. Histological studies have shown that 
men and women have a different orientation in the microstructural elements (collagen 
and elastin) that contribute to the mechanical properties of the vessel wall. These 
alignments suggest a higher compliance in women although no one has shown this in 
vivo. Additionally, collagen and elastin production are under control of an estrogen 
response element (ERE) in the aorta increasing the likelihood of a dependence on 
sex.[129, 130] Thus it is possible that these biochemical configurations may contribute to 
a difference in the larger scale biomechanics of the abdominal aorta. 
To answer these questions and test our hypotheses, we use time resolved 
displacement encoding MRI imaging techniques (known as DENSE) in the distal half of 
the abdominal aorta in the volunteers described in Section 2.3 above. This imaging 
technique allowed us to quantify displacements that were smaller than the resolution of 
the image itself which was an advantage over other tissue tracking imaging techniques. 
From these image acquisitions, we computed the displacement values around the 
circumference of the vessel and quantified circumferential strain. We then made regional 
comparisons between men and women as well as within each volunteer. Further we 
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assessed how these measurements may be related to the wall shear stress profiles 
discussed previously. 
2.7 Significance and Innovation 
There is a pressing need for sex-based research in cardiovascular disease, especially 
in those diseases where the risk and prognosis is very different between the sexes such as 
AAA. Progress has been made in assessing the sex-dependent risk of rupture of AAA 
when looking at biomechanical forces.  Until now, however, little work has been done to 
assess what role those biomechanical forces may play in the risk of developing the 
disease. This work has the potential to identify which specific biomechanical variables of 
the male aorta make it more susceptible to developing the disease. It is acknowledged 
that screening for AAA in women is sub-optimal due to the low incidence in the 
population. Thus, additional information about biomechanics could improve selection of 
the sub-population of women at risk for the disease. In this work we hope to identify 
women with specific vascular properties that result in more pro-inflammatory wall shear 
stress profiles.  
From a methodological standpoint, this work contributes two new 
techniques/methods to the cardiovascular research community to measure biomechanics 
in vivo. Our 2D PCMR WSS measurement method is less sensitive to noisy velocity 
measurements and detection of vessel wall location than previously reported methods 
which utilize the same imaging modality. This method can be employed rapidly with 
good repeatability and may serve as an additional cardiovascular biomarker by which risk 
for aortic disease can be tracked and assessed in a patient. Additionally, this work is the 
first to utilize cine DENSE imaging in the abdominal aortic wall and to assess sex-
dependent differences in aortic wall motion. Until now, there have not been many 
proposed MRI measurements capable of evaluating strain in the vessel at multiple points 
around the circumference of the aorta.  
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Thus, the research presented herein has the potential to contribute a basis for how 
sex-dependent cardiovascular research is performed. The results can also inform future 
population studies to confirm that the proposed sub-groups of women we suspect are at 
higher risk for development of AAA. The two methods proposed here provide new 




QUANTITATION OF WALL SHEAR STRESS FROM 2D PHASE 
CONTRAST MRI 
This chapter is adapted from a manuscript in preparation for submission to the Journal 
of Magnetic Resonance Imaging entitled “A Novel Method for Quantifying Wall Shear 
Stress from 2D Phase Contrast MRI Using a Modified Version of the Womersley 
Solution” 
3.1 INTRODUCTION 
As the body of literature on the importance of cardiovascular hemodynamics in 
vascular disease localization and progression grows, the need for rapid and accurate 
quantification of relevant mechanics parameters becomes increasingly important.[31, 35, 
131-133] One such parameter is wall shear stress (WSS), the frictional force blood exerts 
as it passes over the arterial wall. If we approximate the vessel as a purely cylindrical 
geometry, we can quantify the magnitude of WSS as 





          (3.1) 
Where µ is fluid viscosity, 𝑣 is the velocity parallel to the wall and r is the radial distance 
from the wall towards the center of the lumen. Because this value is related to the flow 
and the cardiac cycle produces pulsatile flow, the magnitude and the direction of the 
vector changes throughout the cardiac cycle. Both direction and magnitude of WSS affect 
the function of endothelial cells and have been implicated in the localization and 
development of atherosclerosis and aneurysms. Low magnitude in and oscillatory 
direction of WSS are known to elicit the expression of pro-inflammatory genes, induce 
endothelial dysfunction, and promote medial-intimal thickening.[26, 32, 33] 
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Phase contrast magnetic resonance (PCMR) is an imaging sequence that encodes 
the velocity of the spins contained within a voxel in a direction, normal to or in the plane 
of an image.[113] Using the acquired velocity values and pixel size, it is possible to trace 
a vessel boundary and quantify flow by summing the product of area and velocity for 
each pixel included in a contour. Such calculations have been shown to be accurate, 
reliable, and reproducible in phantom and human studies. [111] The sequence has been 
used in numerous clinical applications including valve regurgitation assessment, vessel 
stenosis, and WSS quantification.[110]  
Previously described methods have used PCMR to quantify WSS based on pixel-
by-pixel velocity values rather than flow. [133-135] These methods rely directly on 
velocity measurements in individual voxels, which can be sensitive to noise, baseline 
drift, and susceptibility artifacts. Correct identification of the vessel wall boundary 
becomes increasingly difficult as the resolution of the images relative to the size of the 
vessel decreases and  during the diastolic phase of the cardiac cycle when the velocity 
(and therefore MR signal) is much lower.[133, 136] Furthermore, these individual 
velocity based-methods are affected by partial volume effects at the wall. Voxels that 
encompass the area closest to the wall, which contain the most important velocity values 
for determining WSS (i.e., they define the velocity gradient) may also contain part of the 
vessel wall. Error in identifying the wall position obscures the true velocity near the wall 
and results in an under-prediction of WSS depending on how much of the static wall is 
contained within the pixel.[136] Thus, there is a need to develop a method which is 
independent of direct velocity measurement and can accurately quantify WSS from 
PCMR imaging data. 
Herein, we describe a method for quantifying WSS around the circumference of 
the vessel that utilizes flow as a primary input rather than individual velocity values. We 
demonstrate the robustness of this method by sensitivity analyses, and the accuracy of the 




3.2.1 Overview of the Methodology 
The Womersley solution is an analytical solution to the Navier Stokes equation 
for time-varying, axisymmetric, fully developed, unidirectional flow in a circular, rigid, 
straight tube.[137] The primary inputs required for this solution are flow as a function of 
time, vessel radius, fluid viscosity, and fluid density. Direct application of this solution is 
a simplification in the case of the abdominal aorta. However, while flow near the renal 
arteries and iliac bifurcations is more complex and susceptible to the formation of 
secondary flow characteristics, the main trunk of the aorta in a healthy individual is 
expected to exhibit mostly unidirectional flow.[70] To obtain flow as a function of time, 
we used 2D PCMR imaging which reliably captures flow rate in an in vivo setting. Our 
application of the Womersley solution involved evaluating regional flow in overlapping 
sectors of the vessel around the circumference. Thus, with an approximation of vessel 
radius, local flow waveforms were used to determine WSS as a function of time and 
circumferential position.  
3.2.2 MRI Acquisition & Lumen Segmentation 
Slice position and orientation for phase contrast images were planned on initial scout 
images and rapid non-contrast angiograms. Slices were oriented perpendicular to the 
primary direction of the vessel in the head foot direction and were set in the abdominal 
aorta 1.5 cm below the renal arteries and ending at 1.5 cm above the aortic bifurcation. 
2D PCMR images used the following parameters: repetition time (TR) 41.9 msec, echo 
time (TE) 3.53 msec, signal averages =5, flip angle= 30 degrees, voxel size= 
1.33x1.33x5mm, venc =150 cm/s, and 30 phases over the cardiac cycle. 
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PCMR images were acquired at the inlet of the abdominal aorta and at three sites 
distal for WSS quantification, accuracy and sensitivity analysis. We also acquired a 
Quiescent Interval Single Shot (QISS) non-contrast angiogram of the aorta from the renal 
arteries to 3 cm below the iliac bifurcation with resolution 0.5x0.5x3.0 mm.[138] Scans 
were acquired on a Siemens 3T scanner (TRIO, Software VB17).  The Institutional 
Review Board approved the study and informed consent was obtained.  
Vessel segmentation was manually defined using the magnitude images at peak 
systole using Segment v1.9 R2626 (http://segment.heilberg.se) and then copied to the 
remainder of the frames and adjusted employing edge detection using a thresholding 
algorithm.[139] All boundaries were reviewed and adjusted if needed and imposed on the 
phase images as well. The segmented lumen contour was exported from Segment as x-y 
point locations in the coordinate system of the image for each time point. 
3.2.3 Quantification of Regional Flow 
Using the xy-point locations, eighty overlapping sectors were defined from the 
centroid of the vessel to the edge of the lumen with a central angle of 90 degrees to 
include approximately a quarter of the lumen in each sector (Figured 1B). A pixel was 
included in a defined sector if more than 50% of its area fell within the sector. Flow vs. 
time was quantified in each sector as defined by 
𝑄𝑗(𝑡) = ∑ 𝑣𝑖(𝑡)𝐴
𝑛
𝑖=1       (3.2) 
in which Qj is the flow rate through the sector j at time t, 𝑣 is the velocity in pixel i at 
time t, n the number of pixels contained within sector j, and A is the total pixel area. An 
independent flow waveform was determined for each sector (Figure 3.1C).   
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Figure 3.1. Explanation of Wall Shear Stress Calculation and Parameter Mapping. (A) 
Indicated line shows an example of a PCMR image location in the abdominal aorta. (B) 
Representative magnitude image from the PCMR data with three unique sectors in red, 
green and blue. Filled circles define location were WSS values are mapped to for regional 
analysis. (C) Flow waveforms as a function of time calculated from each of the three 
colored sectors defined in (B). (D) WSS waveforms from each of these sectors. 
 
3.2.4 Application of Womersley Solution 
The flow waveform calculated for each of the 80 sectors was divided sector’s percentage 
of the full lumen area to estimate what flow would be over an entire vessel. Each of these 
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waveforms was converted to the frequency domain via Fourier transform. The first ten 
harmonics of this transform were used in the frequency domain expression of the 
Womersley solution because their sum was found to accurately recreate the flow 
waveform. In application of the solution, we use the first harmonic to define equations for 
the steady axial pressure gradient (
𝑑𝑝
𝑑𝑧
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     (3.6) 
Summing the 10 harmonics at each of the 30 time points, t, we generate shear stress 
profiles in sector j: 
𝜏𝑗,𝑡 = ∑ 𝜏𝑗,𝑛𝑒
−𝑖𝑛𝜔𝑡10
𝑛=1     (3.7) 
for which ρ is the density of blood = 1.06g/cm3, ω is the frequency of the cardiac cycle, µ 
is the viscosity = 3.5 CP, and α is the Womersley number defined as α = R√
ω
ν
  (where 
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ν is the dynamic viscosity). R(t) is the radius of the vessel, calculated by fitting a circle 
to the vessel contour at each time point. Note that R is a function of time but the vessel is 
assumed rigid at each time point.  
The calculated WSS value for each time point was placed at the central point on the arc 








      (3.8) 
where τ is the WSS waveform, τ* is WSS in the opposite direction of the primary shear 
vector and T is the length of the cardiac cycle.[36] Thus the circumferential heterogeneity 
of the WSS parameters can be evaluated which is not possible with a direct application of 
the Womersley solution. 
3.2.5 Sensitivity & Repeatability 
To assess the sensitivity of our WSS calculation methodology to the radius as an 
input variable, we evaluated how 5% and 10% changes in the calculated area of the circle 
fitted to the vessel contour affects the WSS results. These changes were chosen because 
the pixel resolution is roughly 10% of the average radius in the abdominal aorta of a 
healthy individual. This corresponds to an error in the lumen contour of approximately 
one pixel.  
Inclusion of a voxel’s contribution in our calculation of flow is a Boolean process 
(it is either in or out) dependent upon whether or not more than 50% of a voxel’s area is 
included within the boundaries of a sector’s contour. To test the influence of partial 
volume effects, we calculated WSS waveforms when the inclusion of a pixel was no 
longer a binary decision, i.e. we included all pixels that fell within a sector in our flow 
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calculation. For those pixels whose area was less than 100% within a sector, we 
quantified the percent area of the pixel that was contained in the sector. The percentage 
was then multiplied by the flow through that pixel and added to the sector flow 
calculation. Figure 2 offers a visual explanation of the partial volume inclusion.   
To assess how our WSS results would vary between two independent flow 
measurements, we repeated a PCMR acquisition in the same location at separate times 
during the course of a single study. The subject remained in the scanner between the two 
acquisitions and approximately 15 minutes separated each independent acquisition. 
3.2.6 CFD Simulations 
 To assess the accuracy of our method against an accepted standard of 
measurement, we compared the results of our method against the results from a 
computational fluid dynamics (CFD) simulation, which provides higher spatial and 
temporal resolution of the velocity field but at a much greater computational cost. Non-
contrast angiogram images were segmented using the general segmentation tool in 
Segment, visceral vessels were removed and the inlets and outlets were defined 
perpendicular to vessel centerlines. The inlet of the computational geometry was cut to 
correspond to the location of a PCMR image set, which was acquired approximately one  
diameter below the renal artery bifurcations. The resultant geometry was expressed as 3D 
point cloud and wrapped with a surface defined by non-uniform rational B-splines 
(Geomagic Studio 11, Geomagic, Inc., Research Triangle Park, NC). Flow extensions 
were added to the two iliac vessels at a length of 7 diameters to ensure fully developed 
flow (ICEM CFD, ANSYS 14, Ansys INC., Canonsburg, PA). The volume was 
discretized using an unstructured tetrahedral mesh (ICEM CFD) and included a boundary 
layer to resolve near wall flow patterns. Average velocity data from the PCMR images 
were interpolated to 300 equally spaced time points and applied in the simulation as a 
series of blunt (uniform) velocity profiles. Outlets were assumed to be pressure free and a 
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no-slip condition was applied to maintain a zero velocity at the wall. Blood was assumed 
to be incompressible, Newtonian fluid with a density of 1.06g/cm3 and dynamic viscosity 
of 3.5 cP, identical to values used in the method proposed in this study. Convergence 
criteria were set to residual errors < 10-4. Using the inlet velocity data and the geometry, 
the pressure-velocity equations defined by the Navier Stokes equations were solved by a 
SIMPLE solving scheme and second-order spatial discretization was used to solve the 
velocity field in Fluent (ANSYS 14). This method is consistent with one previously 
described in detail.[140] Three cardiac cycles were simulated and data from every 10th 
time-step of the third cardiac cycle were analyzed to match the 30 time points from the 
phase contrast images. Following solution convergence, resulting velocity fields were 
post-processed to calculate the WSS vectors at each surface node. WSS vectors were 
exported for each of the surface nodes that fell on a plane defined by the position vectors 
of the PCMR images. 
3.2.7 Statistics 
For both our radius and sensitivity analyses, we compared the results using time 
averaged wall shear stress magnitudes, average absolute differences in wall shear stress 
as well and the root mean square error. We computed Lin’s concordance correlation 
coefficient to assess the similarity between the WSS values calculated from each 
acquisition in our repeatability studies.[141] 
To compare the results of the CFD simulation to those derived from our method 
using the phase contrast data and the Womersley solution, all WSS data points from our 
method were matched to the closest point on an extracted CFD results plane. To quantify 
the differences between the WSS values our methods produced and those produced by 
the CFD simulation, we evaluated time-averaged WSS magnitude differences, average 
absolute difference between spatially and temporally equivalent shear stress values and 
performed a Bland Altman analysis to assess mean difference and correlation. 
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3.3 RESULTS 
MR images were successfully acquired and evaluated according to methods described 
above.  
5.3.1 Sensitivity & Repeatability Analysis  
Comparisons between WSS results derived from our method’s application to two 
independent PCMR acquisitions show strong agreement. Figure 2 summarizes the results 
of our repeatability study with a scatter plot of the WSS values comparing the results of 
the repeated phase contrast acquisitions. In comparing the repeatability of the methods, 
we calculated Lin’s concordance correlation coefficient to be 0.96 which indicates a high 
reliability of our method to reproduce the same result from one phase contrast acquisition 
to the next. The average and standard deviation WSS from the first and second 
acquisitions are 14.2±2.28 dyn/cm2 & 14.4±3.03 dyn/cm2 respectively which was 
statistically non-significant. The average absolute difference of WSS(calculated as the 
absolute value difference for each of the 30 time points at all 80 locations around the 
circumference) between the first and second acquisition was 3.75±3.89 dyn/cm2. 75% of 
the WSS measurements showed less than a 5.19 dyn/cm2 difference between the two 
acquisitions.  
Our sensitivity analysis evaluating potential errors in the lumen contour definition 
demonstrated our method’s robustness to radius calculation. Figure 3 summarizes the 
results of our radius sensitivity analysis. For the original contour and each of the four 
imposed area error conditions (-5%, +5%, -10% and +10%) the average and standard 
deviation of wall shear stress magnitudes were 13.4 ±2.39 dyn/cm2, 14.3±2.60 dyn/cm2, 
12.9±2.36 dyn/cm2, 15.1±2.74 dyn/cm2, 12.3±2.25 dyn/cm2 respectively. Table 1 
presents the average difference in WSS between the original lumen contour measured 
across all three slices for each of the prescribed error percentages. 
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Table 3.1: Summary of error values obtained from imposing errors on radius 
calculation 
 
 The contribution of adding partial volume of a pixel resulted in a small 
difference in the flow wave forms at each time point. Including results from all three 
slices we found the average absolute difference in flow between measurements to be 
0.32±0.48mL/s and a root mean square error (RMSE) of 1.76 mL/s. This small difference 
in flow resulted in a small difference in WSS with an average difference over the whole 
cardiac cycle at each of the 80 points around the circumference of 0.93±1.27 dyn/cm2 
with 90% of the measurements showing less than 2.11 dyn/cm2 difference and  a RMSE 
of 1.58 dyn/cm2. The average and standard deviation WSS magnitude for our method was 
13.4±2.39 dyn/cm2. The average and standard deviation for the inclusion of partial 
volume flows was 13.4±2.38 dyn/cm2. 
 Mean Absolute Difference (dyn/cm2) Root Mean Square Error 
10% More 1.15±1.49 1.88 
5% More 0.68±1.06 1.26 
5% Less 0.80±1.33 1.55 
10% Less 1.49±2.04 2.53 
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Figure 3.2 Repeatability Results and Partial Volume Explanation (A) Repeatability 
Results. Results of our repeatability study are represented in which the first study’s wall 
shear stress values on the x-axis and the temporally and spatially matched values from the 
repeated study on the y-axis. (B) Explanation of Partial Volume Calculation. The red 
contour identifies the vessel boundary at this time point. In our method, the green 
highlighted pixel has more than 50% of its area inside the contour and thus would be 
included in the flow calculation while the blue pixel would not. In the lower right image, 
we highlight the partial area of the pixel included in the sector to be used for flow 
quantification.   
 
Figure 3.3 summarizes the results of our radius sensitivity analysis. We found that 
changes in radius corresponding to the size of one pixel do not contribute significant 
 39 
differences in the resultant WSS values. Table 1 presents the average difference in WSS 
measured across all three slices for each of the prescribed error percentages.  
   
 
Figure 3.3 Radius Sensitivity. (A) For a given image from our PCMR acquisitions, we 
show the original contour in blue calculated from Segment. The red and green solid lines 
show the contours created by imposing a decrease of the contour area by five and ten 
percent respectively. The red and green dashed lines show the contours created by 
imposing a five and ten percent increase respectively. (B) For the yellow diamond in (A), 
we show the WSS waves calculated for each of the conditions with the same color 
scheme as in (A). (C) A comparison of the values obtained from the original contour (x-
axis) with those calculated from each of the imposed areas (y). 
3.3.2 Comparison to CFD 
 To compare the results obtained from the computational fluid dynamics 
simulation to our WSS measurements we performed a Bland Altman analysis using the 
temporally and spatially matched WSS values. The average and standard deviation WSS 
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magnitude from our method was 13.4±2.39 dyn/cm2 compared to the CFD averages and 
standard deviations 15.0±1.91 dyn/cm2. Figure 3.4 shows the correlation and the Bland-
Altman plots for our results comparing all measured shear stress values. This analysis 
produced a Pearson coefficient of r=0.89 with an average difference across all points of 
3.4 dyn/cm2 and RMSE of 9.73 dyn/cm2. 50% of the measured values had differences less 





























































































































































































































































 We described a new method for quantifying unidirectional WSS from two 
dimensional PCMR. The method employs a previously described analytical solution to 
the Navier Stokes equation for unsteady, viscous, unidirectional, fully developed flow in 
a straight, rigid tube with modifications to account for the circumferential heterogeneity 
of the velocity profile in the aorta.  The method is robust and insensitive to the primary 
input variables of radius and flow. The robustness of this method stems from its 
dependence on flow rather than exact pixel by pixel velocity values. Repeatability 
analysis confirms that our method produces nearly identical results in vivo from repeated 
MR acquisitions taken from the same location in a volunteer. Comparison with a CFD 
simulation utilizing patient derived boundary conditions demonstrates a strong accuracy 
of our method to those obtained from CFD.  
 While other methods exist to quantify WSS in the abdominal aorta using 2D 
phase contrast, these methods are dependent on knowing velocity values very close to the 
wall with high accuracy.[135, 142] Given the partial volume effects of voxels that 
include both the vessel wall as well as the lumen, correctly identifying the exact location 
of the wall is complex. These methods become increasingly less reliable as the resolution 
of the image decreases.  
 Recent advancements in 4D PCMR imaging have allowed for quantitation of 
WSS over the entire volume of the aorta.[143] These methods require significantly longer 
scan times and extensive post processing. Similar to the 2D phase contrast methods 
described above, which use the velocity field to derive WSS, correct identification of the 
vessel wall is very important when using 4D PCMR to obtain an accurate measurement. 
Our method could be applied to the 4D acquisitions from which a cross sectional flow 
profile can be derived. The use of this method in 4D flow imaging to quantify WSS is an 
important application of our future work. 
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With the growing body of evidence linking low and oscillatory WSS profiles to 
early atherosclerotic disease, WSS has emerged as a potential future biomarker for 
indicating cardiovascular disease risk. [30, 31, 36, 38, 98, 144] In light of this, there is a 
need for accurate quantification of WSS to confirm the established relationships between 
low and oscillatory wall shear stress and the development of vascular disease in 
longitudinal studies in humans.[40] In addition to the method proposed here and those 
described above, there are many methods that currently exist to quantify WSS. However, 
methods such as CFD can be computationally expensive.[145] Given these limitations, a 
rapid method to quantify WSS could have profound impact on monitoring the risk of 
individuals before clinically evident disease develops. The design of our method allows 
for little user independence and is dependent almost exclusively upon the established 
reliability of phase contrast MRI to quantify flow.[111]  Thus, we believe our method 
could have significant clinical impact in preventative cardiovascular medicine as a result 
of its low imaging and computational costs. 
 While this method reduces the need for high SNR and resolution other 2D PCMR 
methods require, it is limited in its scope of application. Because of the assumptions in 
the solution for Womersley flow, this method may not be sufficient in areas of expected 
secondary flow conditions such as the carotid bulb or in an aneurysm.[94, 104] 
Additionally, the level of WSS distribution is linked to the level of flow heterogeneity 
that is detected around the circumference of the vessel. Consequently, although this 
method is much faster than CFD simulations, it does not detect the same level of spatial 
resolution of which CFD is capable. Additionally, the non-isotropic resolution of our 
images results in WSS values that are spatially averaged over an MR slice thickness. 
WSS values are expected to change over areas smaller than the thickness (5mm) used for 
this study. However, given that the target population for this method’s application is to 
track the WSS parameters over time as an indicator of cardiovascular risk, such highly 
resolved resolution most likely is not necessary. The level of temporal resolution is also 
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inferior to what is possible with CFD, however, both spatial and temporal resolution can 
be increased for PCMR at the cost of increased imaging time.  [110]  
 In conclusion, we developed a novel method of quantifying wall shear stress from 
two dimensional phase contrast MRI which is repeatable, robust, and accurate when 
compared to results obtained from computational fluids dynamics simulations. Numerical 
results are consistent with what has been previously reported. This method of 
determining patient specific WSS could be an important methodological contribution 




DIFFERENCES IN WALL SHEAR STRESS BETWEEN MEN AND 
WOMEN AND THE RELATIONSHIP OF WALL OF SHEAR 




 Given the relationship of many cardiovascular diseases to the biomechanics of the 
vascular environment, it is probable that differences in biomechanics among populations 
can help explain differences in disease propensity or outcome.[48, 146, 147] Of particular 
relevance to vascular pathologies is the wall shear stress, the stress exerted on the 
endothelial cells by the force of viscous blood moving across the surface.[132, 140]  
Multiple locations in the cardiovascular system demonstrate the development of 
pathological dilation in response to oscillatory wall shear stress patterns with low average 
magnitude including the ascending aorta in the presence of a stenotic valve as well as the 
aorta immediately distal to a coarctation. In abdominal aortic aneurysms, the underlying 
biomechanics are not well delineated in the most at risk group for developing the disease. 
It is possible that members of this population are exposed to pro-inflammatory wall shear 
stress profiles that promote the development of the disease. Specifically, since men are 
significantly more likely to develop the disease than women we elected to evaluate 
whether differences in biomechanics exist between the sexes.  While there are many 
biomechanical properties that are related to cardiovascular disease, we elected to explore 
wall shear stress as it relates strongly to early vascular disease in the aorta.[37, 98, 148] 
In these studies it was shown that sites of the abdominal aorta that experienced the 









     (4.1) 
(in which τ is the wall shear stress as a function of time and τ* is the wall shear stress 
vector in the opposite direction of the average vector) also had the greatest degree of 
intima-medial thickening. Thus we explored whether differences in this parameter exist 
between men and women. 
 There are many vascular properties which could contribute to the development of 
wall shear stress profiles. One property is the shape or geometry of the vessel. Many sites 
in the body that are prone to atherosclerosis are known to be so due to their vessel 
morphology. The carotid artery has a rapid expansion from the common carotid artery 
moving into the bulb of the internal carotid. This bulb is known to exhibit high 
atherosclerotic potential due to the secondary flow conditions here that result in 
significant oscillations of the wall shear stress vector.[149] Additionally, the dilation of 
the aortic root after a stenotic valve produces significant second flow profiles that are 
posited to promote progression of vascular disease.[150] Thus the radius of the vessel and 
how the radius changes along the course of a vessel play an important role in the 
development of the wall shear stress profile and how the vessel will remodel. Previously, 
population studies have shown that men have larger diameter aortas on average when 
compared with women.[122] What has not been assessed is whether these differences in 
size are correlated with differences in hemodynamics between the sexes. We elected to 
explore if these factors are related and specifically if these changes in radius could 
explain differences in the aortic OSI values.  
 In addition to radius, the vessel curvature can impact wall shear stress variations 
around the circumference. Specifically, blood vessel curvature has been shown to have a 
strong influence on how the burden of oscillatory shear is distributed. In the aortic arch 
for example, the OSI is increased on the inner curvature of the arch and studies have 
shown localization of early atherosclerotic plaques to this same region.[96] In the 
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abdominal aorta, the posterior vessel wall aligns with the vessel’s inner curvature and 
computational studies in human subjects have shown that the posterior of the vessel 
experiences the highest degree of oscillatory shear and shows the greatest degree of 
intimal medial thickening.[37, 148] We suspect that there may be a difference in aortic 
curvature as a result of the difference in skeletal structure between men and women in 
this region. The lumbar spine in women is more lordotic than in men and the female 
pelvis is tilted more posteriorly. Because the aorta is anchored to the spine in this region, 
it is possible that the vessel trajectory will follow the same differences in curvature that 
the skeletal anatomy does. 
 In this study, we enrolled healthy men and women to assess how WSS differs 
between the two populations, specifically looking for differences in oscillatory shear and 
in magnitude.  We also quantified aortic curvature and radius to evaluate differences in 
geometry properties of the vessel that could contribute to differences in WSS. Finally we 
evaluated what influence each of these geometry properties might have on the observed 
hemodynamics and if there was a significant association between the two. We 
hypothesized that men would have a higher degree of OSI than women as this would 
contribute to an increased risk for AAA. We proposed that women would have a greater 
aortic curvature (with a smaller radius) than men and that this curvature would create a 
difference between men and women in the circumferential distribution of OSI.  
4.2 Study Population 
We recruited healthy (nominally cardiovascular disease-free) volunteers age 30-
42. Volunteers were screened for MRI safety as per normal clinical protocols (no medical 
implants, no foreign objects in the eye, no claustrophobia, etc.). We acquired data for this 
aim from 15 women and 12 men (32±2.9 years old vs 31±1.9 years old, p>0.05). 
Enrollment of these study subjects was approved under the Emory Institutional Review 
Board.  
 48 
4.3 Imaging Protocols 
4.3.1 Non-Contrast Angiogram  
Initial survey images were first acquired and a volume covering the aorta and 
peripheral vessels was defined for the angiogram. We used a quiescent interval single 
shot angiogram (QISS) originally designed to be used as a peripheral vascular runoff scan 
to identify sites of lower limb claudication.[146, 151] This scan was chosen because of its 
efficacy in the peripheral arterial system, its short imaging time, and its ability to image 
vessels without contrast administration. The scan protocol was adapted such that it 
covered the vascular anatomy from the inferior thoracic aorta (directly above the renal 
arteries) to a region below the iliac bifurcations through a series of transverse slices. The 
scan allowed for resolution of 0.5x0.5x3.0 mm3 and a field of view (FOV) of 800x520 
mm2 which was adequate for our reconstruction purposes. Figure 4.1 shows 




Figure 4.1 Non-Contrast Angiogram of Peripheral Arterial System. Representative images 
from the non-contrast angiogram of one of our volunteers showing points on interest in the 
peripheral vasculature.  
4.3.2 Phase Contrast MRI 
PCMR allows us to measure the velocity of blood in the vessel at multiple points 
throughout the cardiac cycle. We can match these velocity measurements to the geometry 
information from the angiogram. We acquired this sequence at multiple locations along 
the length of the abdominal aorta, acquiring 8-10 images series for each patient. This 
allowed us to obtain cross sectional through-plane velocity information for the entire 
aorta. Parameters for the EKG-gated phase contrast images were as follows: TR of 
39.85s, TE of 3.39s, Flip Angle of 30°, FOV of 255x340 mm2, resolution of 1.33x1.33x5 
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mm3, velocity encoding value (Venc) of 150cm/s, yielding 30 time step images across the 
cardiac cycle.  
4.4 Methods 
For each volunteer we completed the following steps described in detail below:  
1. Vessel segmentation from the non-contrast angiogram 
2. Determination of centerlines for aorta 
3. Fitting of centerlines in each dimension as a function of position along the aorta 
4. Continuous radius and curvature calculation along the length of the aorta 
5. Creation of normalized WSS map from PCMR data 
4.4.1 Vessel Segmentation  
The acquired angiograms were reconstructed using commercially available 
software (Segment, Medvisio), utilizing a level set segmentation (segmentation begins 
from a set of seed points and grows until it discovers regions of low intensity i.e. vessel 
boundaries). Following initial segmentation, the volumes were manually adjusted to 
exclude/include any gross misconstructions. The segmentation volume is loaded into 
VMTK and smoothed using a low pass filter. An example of the original and smoothed 
segmentations is shown in the left and center panel of Figure 4.2.  
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Figure 4.2 Aortic Segmentation and Centerline Definition.The leftmost panel of this figure 
shows our raw segmentation of the aorta and peripheral vessels including the visceral 
vessels. The central image is the vessel architecture after we removed the visceral vessels 
and smoothed the segmentation. The right image shows the centerlines for each of the 
vessels in the periphery created using a maximum inscribed sphere radius array.  
4.4.2 Curvature & Radius Calculation 
Centerline Calculation and Fitting 
After segmentation smoothing, the centerlines were calculated in VMTK. This 
centerline protocol is based on maximum inscribed spheres within the boundaries of the 
surface and is designed to ignore small perturbations on the surface of the segmentation. 
The output from VTMK allows for identification of individual vessels based on branch 
point identification and the aortic vessel centerline was identified and (minimally) 
smoothed using a weighted linear least squares regression filter and a 2nd degree 
polynomial model in Matlab (Mathworks, Natick, MA).  
 For each point i in a volunteer’s centerline, we assigned an arc length value, s, 
based on the following equation in which xn, yn, and zn are the coordinates of the 




√(𝒙𝒏 − 𝒙𝟏)𝟐 + (𝒚𝒏 − 𝒚𝟏)𝟐 + (𝒛𝒏 − 𝒛𝟏)𝟐 +
√(𝒙𝒏 − 𝒙𝟐)𝟐 + (𝒚𝒏 − 𝒚𝟐)𝟐 + (𝒛𝒏 − 𝒛𝟐)𝟐 +
…√(𝒙𝒏 − 𝒙𝒏−𝟏)𝟐 + (𝒚𝒏 − 𝒚𝒏−𝟏)𝟐 + (𝒛𝒏 − 𝒛𝒏−𝟏)𝟐
𝒊
𝒏=𝟐            (4.2) 
Using the (s, x), (s, y) and (s, z) pairs for each point that defines the centerline and 
the respective arc length value, three separate 5th order B-Spline functions were created 
X(s), Y(s), and Z(s). In order to avoid “over-smoothing” a tolerance equivalent of the 
original angiogram voxel resolution was used in the spline fitting. This yielded an array 
as shown in Equation (4.1) which was used for curvature calculations 
𝑟(𝑠′) = [𝑋(𝑠′), 𝑌(𝑠′), 𝑍(𝑠′)]                            (4.3)  
where s’ a is new arc length array from 0 to the length of the vessel in 0.2 mm 
increments. Each of the three splines was evaluated for this new array. Figure 4.3 shows 
an example of how each of the coordinates were fit to the arc length and a comparison of 
the original data points with the new smoothed centerlines. 
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Figure 4.3 Centerline Spline Fitting and Curvature Calculation.The three plots at the top 
of the image show the original x, y, and z coordinates plotted in red as a function of their 
arc length. The black lines show the f 5th order B-Spline for each dimension evaluated at 
the equally incremented arc length array. The central panel shows the original vessel 
centerline (left) compared to the fitted and smoothed centerline (right)  indicating a 
minimal loss of data integrity while reducing the noise. The plot at the bottom of the 
figure shows the curvature (method described below) calculated at each of the points in 
the smoothed centerline using Equation 4.3. 
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Curvature Calculation 
Given the functions described above, we computed the curvature using the Frenet 




                               (4.4) 
 
Where r’(s’) and r’’(s’) are the first and second derivatives respectively of the fits X, Y, 
and Z described above and s’ is the new arc length array evenly distributed by 0.2mm.  
Radius Calculation 
 We first subdivided the segmentation surface into approximately 80,000 points. 
Then, using the centerline fits described above, a cross sectional plane was defined 
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) correspond to the values of the centerline’s tangent vector at this same point. 
This tangent vector is determined by the first derivate of the spline functions for each 
dimension.  We then found points on the segmented surface that were within 0.25mm (a 
half the width of the segmentation voxel). Any points that fit fell within this margin were 
considered to be a part of the cross section at the centerline point used to define the plane.  
We then calculated the average radius for each cross section. In this way we were able 
calculate a continuous measurement of the radius along the length of the vessel.  
Comparison Between Men and Women 
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The arc length of the entire vessel, starting from the renal bifurcation and ending 
at the start of the iliac bifurcation, was used to discretize each individual volunteer’s aorta 
into 10 equally spaced bins. In this way, we could compare equivalent positions from one 
volunteer to the next. For example, the second bin in volunteer A would be the same 
relative position along the vessel as the second bin in volunteer B and would cover the 
10th-20th percent of the aorta’s total length. This allowed us to compare the average vessel 
radius and curvature at various positions along the length of the aorta to help discern the 
longitudinal differences in these parameters between the sexes while also reducing the 
influence of any noise in the data by averaging. We performed statistical comparisons in 
each of the ten bins for both curvature and radius, controlling for the repeated values 
from an individual volunteer by assessing the number of effective measures as described 
previously.[152] We then evaluated the relationship between average aortic radius and 
height and weight for each volunteer. 
4.4.3 Wall Shear Stress Calculation 
 For each of the volunteer’s acquired PCMR image sets we quantified the wall 
shear stress as a function of time in the cardiac cycle around the vessel’s circumference 
using the methodology described in the previous chapter. We then computed the time 
averaged WSS (TAWSS) for each of the 80 time versus WSS graphs and the time 







     (4.6) 
where T is the length of the cardiac cycle and 𝜏 is the wall shear stress waveform. 
 To account for a range of both size and length of the abdominal aortas of the 
volunteers in our group, we mapped the sector flow and WSS data from each of the 
volunteers to a normalized matrix so that equivalent positions from each volunteer were 
being appropriately compared.    
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The location of each PCMR image set was determined in reference to the 
angiogram data described above. Using the Slice Location field in the DICOM header of 
the image set, the top axial position of the aorta (identified as the first angiographic image 
inferior to the renal artery bifurcation) and the bottom axial position (defined as the 
beginning of the iliac bifurcation), the axial location of the PCMR image set was 
quantified as a percentage of the total aortic axial length. This percentage was then 
identified as being in one of 10 equally spaced bins that represent subsequent segment 
lengths of the abdominal aorta divided into 10% increments. In this way we created a 
10x80 matrix in which each of the ten rows corresponded to normalized percentage 
lengths along the abdominal aorta and each of the eighty columns was a normalized 
circumferential position indexed from the left most part of the vessel and moving towards 
the posterior.  
This matrix was determined for each volunteer using all acquired slices for a 
volunteer. In some volunteers, we were not able to acquire a unique PCMR slice for each 
of the ten bins. When this was the case we filled in missing slice information using a two-
dimensional interpolation method. In this method, each node in the matrix missing shear 
stress data was assumed to be related each of its neighbors. The missing data was then 
extrapolated from these relationships so that it would be consistent with its neighboring 
nodes. We confirmed that this method resulted in a less than 5% difference from 
calculated WSS values in volunteers for whom we had PCMR data for all 10 bins.  
Because flow is a primary input for our method, we examined the relationship 
between flow and WSS in a sex-dependent manner. We used the flow wave forms for the 
quadrants used to calculate the WSS, and quantified net forward and reverse flow 
volumes. We applied the same methodology for both forward and reverse flow volumes 
to make direct comparisons between forward or reversal flow and resultant OSI or time 
averaged WSS magnitude to assess the influence of reverse flow on each of these WSS 
paramaters. 
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4.4.4 Comparison of WSS with Geometry 
To assess the relationship between the differences we observed in the radius 
measurements between men and women and the differences in OSI, we plotted average 
radius along the length of the aorta and the average OSI over the entire aorta wall for 
each volunteer. For each volunteer, we also compared the average radius for each PCMR 
slice location against the average OSI at this level. These two analyses allow us to 
compare the OSI to the radius on both a global and local level. 
Because curvature affects how oscillatory shear is distributed around the 
circumference, we quantified the relative difference of oscillatory shear between the site 
of peak OSI and minimum OSI around the circumference. For each volunteer we 
smoothed the OSI map around the circumference of the vessel by averaging over each 
circumferentially adjacent 1/10th of the vessel. We then calculated the relative percent 
difference as the difference between the peak and minimum OSI averaged values 
normalized to the peak OSI value for each of the 10 bins along the length of the vessel. 
We calculated this for each of the OSI maps derived from PCMR images and plotted 
these values against the curvature at the same longitudinal location.   
4.5 Results 
4.5.1 Differences in Aortic Geometry 
 Figure 4.4 shows the aortic curvature and radius comparison between our 
male and female volunteers in each of these normalized bins. We also showed that the 
height of our volunteers weakly correlated with the average radius of the aorta with an 
r2=0.62 , however, we did not find any relationship between aortic radius and volunteer 
weight (r2=0.014).  
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Figure 4.4 Differences in Aortic Radius and Curvature Between Men and Women. The 
top bar graph shows the average and standard errors for the curvatures in each of the bins. 
Our results indicate significant differences between the aortic curvature in the distal half 
of the vessel only with women having a larger curvature in the vessel We also found 
significant differences in every bin when comparing the aortic radius with men having a 
larger aorta. The size of the vessel appeared to remain constant along the length of the 
vessel, however.   
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4.5.2 Differences in Hemodynamics 
 In comparing aortic flow profiles between men and women we found a significant 
reduction in flow reversal in women when compared with men at each point in our 
normalized matrix. Figure 4.5 summarizes these results. 
 
Figure 4.5 Regional Flow Reversal Differences Between Men and Women. Flow reversal 
is significantly reduced at all points in the female abdominal aorta compared with men as 
quantified by overlapping sectors around the circumference. Both men and women have 
the same spatial pattern of flow reversal changes, however, with the inferior and posterior 
of the vessel exhibiting the highest degree of reversal. 
 
Figure 4.6 shows the average of for our male and female volunteers’ calculated 
OSI on this normalized matrix. We performed a t-test for each parameter first globally 
(controlling for number of repeated measures), as well as on a point by point basis. In 
total the average OSI in men was significantly higher in men than women. On a point by 
point basis, this difference in OSI was also true at every point in the aorta.  
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Figure 4.6 Differences in Aortic OSI Between Men and Women. The comparison shows 
the significant reduction in OSI in women when compared with men along the length of 
the aorta as well as around the circumference. This difference was significant on both a 
global and individual element basis.  
We also showed that there were no significant differences in the time averaged 
WSS magnitude between men and women, however there were positional differences. 
Average WSS magnitude was highest in the superior anterior region of the vessel. These 
results are summarized in Figure 4.7. 
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Figure 4.7 Similarities in Time Averaged Wall Shear Stress Between Men and Women. 
This figure summarizes our results showing no significant differences in the time 
averaged WSS magnitude between men and women.  
 
Because flow is a primary input for our wall shear stress method and we noted 
significant difference in the extent of flow reversal, we looked to see what relationship 
would exist between our OSI measurements. Further we wanted to determine if the 
differences we observed in WSS were due only to differences in flow magnitude. For 
each of the OSI values calculated above, there is a corresponding flow waveform created 
from the PCMR data. We quantified the net forward volume and reverse volume for each 
volunteer using these flow waves and then plotted these values against the resultant OSI 
measurement.  These results are summarized in Figure 4.8. 
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Figure 4.8 Relationship of Flow Volumes with Aortic OSI. For each volunteer, we 
quantified the reverse and forward flow volumes from the flow waves of each of the 80 
sectors used to create the wall shear stress map. This figure is a plot, stratified by men 
and women, of each of these volumes compared to the OSI value calculated for that 
sector. We noted that on average, women tended to have a lower forward volume, and 
lower reverse volume than men. However, the OSI is much more dependent on reverse 
flow volume than on forward volume for both men and women.  
4.5.3 Relationship of Geometry to Wall Shear Stress  
Figure 4.9 shows the relationship between global OSI average and average radius 
for each volunteer divided by sex as well as a plot of the local calculated radius against 
the average OSI for each acquired PCMR slice. In both cases we observe an increase in 
the OSI with an increase in radius with weak correlation coefficients.  
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Figure 4.9 Relationship of Radius with Aortic OSI. The bottom panel of this image 
shows the moderate positive correlation between an increase in average aortic radius and 
average OSI over the entire aorta. The top panel breaks down this global average into 
local radius values plotted against the average OSI for the equivalent 10th percentile bin. 
The local comparisons seem to confirm the positive correlation between these two 
parameters. 
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The relationship between curvature and OSI is more complex, however, and we do not 
expect there to be a direct relationship between the curvature of a vessel and the average 
OSI as the curvature influences the distribution of the vessel increasing the OSI on the 
inner curvature relative to the outer curvature. We plotted the relative difference of OSI 
as described in the methods against the local curvature. Our results are summarized in 
Figure 4.10. We then plotted only the results from the distal half of the vessel in the 




Figure 4.10 Influence of Aortic Curvature on OSI. This figure summarizes our results 
comparing the relative OSI difference between max and minimum OSI in a 10th 
percentile bin to the local curvature in that same bin. While there did not appear to be an 
obvious relationship between the two parameters, we did note that women appeared to 
have a higher relative OSI difference than men. In parsing out just the distal values, we 
noted that this seemed to be specific to the distal portion of the aorta.  
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Because there appeared to be a higher relative OSI difference in women than in men, we 
looked at this average difference in the proximal aorta and distal aorta and, using a two 
tailed t-test, found that the greatest relative OSI difference was in the distal female aorta. 
Our results are summarized in Figure 4.11. 
 
Figure 4.11 Increases in Relative OSI in the Distal Aorta. Women have a higher Relative 
OSI difference than men in both the distal and proximal regions of the vessel. For both 
sexes, there is an increase in relative difference in the distal compared to the proximal. 
 
4.6 Discussion 
In this study we showed a significant increase in the curvature of the distal 
abdominal aorta in men when compared with women and a significantly larger radius in 
men. We also showed that men have a higher estimated OSI than women, a result which 
correlates with the increase in flow reversal in men compared with women. Despite this 
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difference in OSI, we did not observe any difference in time averaged WSS magnitude 
between the sexes.  
4.6.1 Differences between Men and Women in Radius and Curvature of the 
Abdominal Aorta  
In our evaluation of aortic geometry, we compared both radii and curvature 
between men and women and noted significant differences in each of these 
measurements. Our results show that men on average have a larger aortic radiys when 
than  women along the length of the aorta. This result confirms previous studies using 
MRI which evaluated the radius of the aorta for a single axial position in these 
populations.[153] This result is important because it reaffirms that the use of abdominal 
aortic size in assessing and diagnosing AAA may not be appropriate in women.[15, 18, 
68] Specifically, if women have a smaller aortic radius at baseline before disease 
develops, than a diameter of 4cm in the aorta of a woman is a larger relative dilation than 
a diameter of 4 cm in a man. If possible, an important study would be to monitor the size 
of the abdominal aorta in women who are at risk for developing AAA (smokers, those 
with a family history, and some of the factors identified in this work) to evaluate how the 
diameter changes with time. This would allow for a determination based on percent 
increase in diameter to assess the development of AAA.  
The curvature of a vessel can significantly influence the distribution of oscillatory 
shear, elevating the OSI on the inner curvature. In the abdominal aorta, previous work 
has shown an increase in OSI on the posterior of the vessel which corresponds to the 
inner curvature.[37, 148] We proposed that the curvature in the abdominal aorta may be 
different between men and women as a result of the differences in lumbar spine and 
pelvic anatomy. In comparing curvature, we noted significant differences only in the 
distal half of the abdominal aorta. Values obtained for our curvature measurements in this 
age group are similar to the range reported in a previous study where results were not 
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analyzed by sex[154]In addition to a potential impact on the hemodynamics, this 
difference in curvature may be important in how women are treated surgically. It is 
known that women have worse outcomes from endovascular aneurysm repair (EVAR) 
than men. [17]  Because many of the trials assessing the efficacy of endovascular repair 
are performed in men, it is possible that these procedures are optimized for male aortic 
geometry which, as we’ve shown, is different than women.[155] No work has been 
reported on how differences in curvature may influence the risk of rupture or procedure 
outcome, however, it presents an interesting expansion of our results.  
4.6.2 Differences in Aortic WSS Profiles and the Relationship to Flow 
In this study we successfully implemented the 2D PCMR WSS methodology we 
developed in 27 volunteers. We showed that we can resolve differences in WSS around 
the circumference and along the length of the aorta between the two populations with this 
method. Our results indicate that men experience higher oscillatory shear at all locations 
in the aorta when compared with women. This finding supports our hypothesis that, prior 
to disease development, men are exposed to biomechanical forces that increase their risk 
for abdominal aortic aneurysms. Our observation could help to explain the results of a 
post mortem analysis which showed an increase in pre-atherosclerotic lesions of the aorta 
in men compared with women in a similar age group.[156] To our knowledge, no 
previous work has shown that the aortic WSS differs between men and women in a 
healthy population. It remains unclear if this difference underlies the observed difference 
in risk of disease development. To confirm this connection, more work into the early 
biomechanical risk factors for AAA should be performed. Currently, much of the 
biomechanics studies in this disease are focused on risk of rupture while initiating 
pathophysiological factors remain unexplored.[157-159]  
With our method to quantify WSS, flow is a primary input and in our assessment 
of the relationship between reverse flow volume with OSI and forward flow volume with 
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OSI, we found a strong relationship between the extent of flow reversal and the resultant 
OSI. We found no identifiable relationship between forward flow volume and OSI 
however. When stratified by sex, we observed that women had a lower degree of flow 
reversal at all locations in the abdominal aorta. Although we observed a reduction in the 
average forward flow volume for women when compared with men, this difference did 
not appear to correlate with our observations in OSI differences.  
4.6.3 Relationship of Geometry Findings to Observed Differences in OSI 
We assessed the influence of the observed differences in curvature and radius on 
the measured OSI. Our first evaluation of the average radius along the length of the aorta 
and its relationship to the average OSI around the entire circumference showed a positive 
correlation wherein a larger vessel radius correlated with a greater OSI. While most of 
the higher radius measurements came from our male volunteers, it is important to note 
that there were some female volunteers who had larger aortas as well and their OSI 
values were also higher. This is interesting because a larger radius does not necessarily 
imply a larger degree of flow oscillation. We would expect this larger radius to be more 
closely related to differences in the peak shear stress which we did not include in our 
analysis as it is not expected to contribute AAA risk.  
With the greater curvature of the aorta in women over men, we expected to find 
that women would also have a larger difference in the anterior-posterior OSI values. On 
average there was an increase in difference between the maximum and minimum OSI 
values relative to the maximum OSI value in the distal aorta for women over men. This 
implies that there is a larger heterogeneity in the OSI around the circumference in women 
than in men, which is expected if the curvature is greater. It is possible that for women, 
this could translate into a greater propensity for developing early aortic disease in the 
posterior vessel relative to the anterior when compared with men however the overall 
reduction in OSI in women still decreases their risk relative to men. Previous studies 
showing that the early increases in intimal medial thickening happen in the posterior 
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vessel preferentially did not include a sex-based analysis.[98, 148] Such an analysis may 
be warranted to further the understanding of early pathophysiological differences in 
aortic aneurysms between men and women. 
4.6.4 Summary 
This chapter presents novel observations about the differences in aortic shear and 
geometry between men and women. The greater oscillatory shear in men vs. women 
would increase the risk for early vascular disease that is proposed to underlie the early 
stages of AAA development. This greater oscillatory shear correlated strongly with the 
extent of flow reversal in the vessel and the women in our study demonstrated a lower 
volume of flow reversal when compared with men. For both men and women, larger 
aortic radius correlated with a greater oscillatory shear. If this relationship were truly 
causal and size of the vessel were best predictive of aneurysmal development and disease, 
we might expect that no women under a certain threshold would experience AAA. 
However, given that women who develop aneurysms often develop smaller dilations than 
men and are at a higher risk for mortality, size cannot be the only determining factor. 
Finally women have a larger curvature in the distal aorta which may create differences in 
the shear distribution that affect how early disease forms preferentially. Additionally, 
such differences in geometry could be important surgical considerations for those women 
who go on to develop the disease as most of the vascular treatments are based on trials 
done almost exclusively with men. We believe that these findings may help further the 




MODULATION OF UTERINE BLOOD FLOW INFLUENCES AORTIC 
HEMODYNAMICS IN WOMEN 
5.1 Introduction 
 Among the many factors controlling the hemodynamic patterns in a vessel with 
pulsatile flow, distal resistance is one of the most important. For example, high systemic 
peripheral resistance leads to an elevated systolic pressure against which the left ventricle 
must pump. The increase in pressure leads to pathological remodeling of the heart.[160]  
Similarly, in the setting of pulmonary hypertension, the right ventricle will remodel as a 
result of high resistance in the lung arteries. [161] 
In the abdominal aorta, however, there are multiple outlets and networks into 
which blood can flow. The renal arteries supply blood to the kidneys which, in a healthy 
state, exhibit a low resistance network to promote perfusion throughout the cardiac cycle. 
A second outflow for the abdominal aorta is the inferior mesenteric artery which supplies 
part of the bowel with blood. This second outlet receives considerably less flow than the 
two primary outlets: the renal and the common iliac arteries. The common iliac arteries 
provide flow to the pelvis and lower limbs after bifurcation into the internal and external 
iliac arteries respectively. Outside the physiological condition of exercise, the resistance 
of the iliac arteries is generally higher than the renal arteries. It is the result of this 
disparity in resistance networks at the superior and inferior regions of the abdominal 
aorta that generates the oscillatory flow normally observed between these outlets.  
Conditions that affect these arterial networks and the organs they supplycan 
impact the abdominal aorta. For example, previous work has shown that inflating a blood 
pressure cuff above the knee to pressures above normal systolic values will significantly 
impact abdominal aortic hemodynamics. [100] Specifically, there is an increase the 
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extent of oscillatory shear, a known inflammatory biomechanical mechanism. This is of 
particular interest because patients with above the knee amputations are known to be at 
significantly elevated risks for developing an abdominal aortic aneurysm.[99, 162] It is 
reasonable therefore to posit that the elevation in peripheral resistance may be what 
promotes an increase in exposure to pro-inflammatory biomechanical conditions and 
therefore increase risk of disease. Such a hypothesis can be bolstered by evidence 
showing the high co-incidence of abdominal aortic aneurysms with peripheral arterial 
disease (PAD), in which lower limb arteries are significantly atherosclerotic and present a 
fairly high resistance network.[101, 102] It is possible, however, that this second 
association is a result of the relationship between smoking and the risk of these two 
diseases. A patient cohort known to have an increase in risk for AAA are patients with 
spinal cord injury (SCI).[163] With these patients there is decreased blood flow to the 
lower limbs as a result of decreased innervation and muscular activity further supporting 
the hypothesis that increases in peripheral resistance affect the abdominal aorta in a way 
that promotes AAA formation.  
While each of these conditions is associated with changes in the external iliac 
artery, little has been done to evaluate what influence, if any, the resistance of the internal 
iliac artery may play on aortic hemodynamics and disease. When comparing the aortic 
WSS profiles of men and women this question is of particular importance because the 
anatomy supplied by the internal iliac artery is significantly different between the sexes. 
The presence of the uterus in a woman changes the resistance profile of the internal iliac 
arteries dramatically as the uterine artery is one of the only arteries in the periphery to 
exhibit no flow reversal, except in the case of pre-eclampsia in which there is elevated 
spiral artery impedance.[164]  Interestingly, population studies have shown that a 
women’s reproductive history has a relationship with the risk of developing an AAA. 
Non-parous women are more likely than those women who have been pregnant and given 
birth to develop an aneurysm. [22]While it’s possible that hormonal status may play a 
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role in this observation, it is also known that pregnancy can increase uterine artery flow 
by a factor of 50.[165] Given this observation and the fact it has also been shown that 
hormone replacement therapy (HRT) has no significant effect on reducing the 
development or progression of AAA in women([19]), we propose that this protective 
effect of previous pregnancy may be due to the changes in hemodynamics in the pregnant 
women with a reduction in uterine artery resistance as the placenta develops.   
In this aim, we elected to explore how changes in peripheral flow as measured by 
PCMR, particularly in uterine artery & pelvic flow may mediate aortic hemodynamics. 
We identified two patient populations whose conditions we would expect to either 
increase or decrease uterine artery flow. First, we looked at women with uterine 
leiomyomas, commonly called fibroids, which are non-malignant tumors in the uterine 
wall which are known to be highly vascularized and very low resistance due to the leaky 
nature of the tumor’s blood vessels. The treatment for this condition is highly dependent 
on its very low resistance. Second, we studied women who had undergone hysterectomies 
(often with fibroids as the indication for surgery) but retained normal ovarian function. 
This second group would present an increase in the internal iliac artery resistance as the 
low resistance vessel network in the uterus would no longer receive blood flow. With 
these two populations and our healthy controls we sought to identify a correlation 
between changes in peripheral flow, specifically changes in the uterine artery, and aortic 
WSS profiles. We hypothesized that a reduction in internal iliac artery oscillatory flow 
would correlate to a decrease in aortic OSI.  
5.2 Methods 
5.2.1 Study Population 
To accomplish this aim we used the volunteers described in Chapter 4 for our 
control population. Of this group, there were 7 men and 5 women for whom we had both 
aortic and peripheral flow data. We recruited 12 women with symptomatic fibroids 
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requiring intervention and 4 women who underwent a hysterectomy within 6 months 
prior to their enrollment in our study. 
5.2.2 Phase Contrast MRI 
PCMR images were acquired at approximately the midpoint of the abdominal 
aorta between the renal artery bifurcation and the iliac bifurcation in our volunteers. 
Additional phase contrast images were acquired for each of the common iliac daughter 
vessels, i.e. the left/right internal and external iliac arteries. When possible, all four 
arteries were acquired in a single phase image set, however, many volunteers required 
more than one acquisition to reliably identify the lumen of each vessel through the 
cardiac cycle. Parameters for the phase contrast images were as follows: TR of 39.85s, 
TE of 3.39s, Flip Angle of 30°, FOV of 255x340 mm2, resolution of 1.3281x1.3281x5 
mm3, venc of 150cm/s, yielding 30 time step images across the cardiac cycle. 
5.2.3 Wall Shear Stress Calculations.  
 Using the method described in Chapter 2, we quantified OSI around the 
circumference of the aorta using the PCMR image series obtained from the midpoint of 
the vessel.  
5.2.4 Peripheral Flow Calculations 
 For each of the four iliac branches, we used Segment (MEDVISIO) to define the 
contour of the lumen at peak systole and used the tracking feature to copy and track the 
contour to each of the remaining 29 frames. Each frame was reviewed and if necessary, 
manual adjustments were made to correct the lumen definition. Flow waveforms (flow vs 
time) were created using the velocity values for each pixel. The net forward and reverse 
volume for each wave was calculated as the area under the curve above and below the x-
axis respectively as seen in Figure 1 below. The Oscillatory Flow Ratio (OFR) was then 
calculated as the ratio of the net reverse volume to the net forward volume. 
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Figure 5.1 Calculation of Oscillatory Flow Ratio. We quantified the Oscillatory Flow 
Ratio (OFR) as described in the figure as a proxy for the resistance in our peripheral 
arteries. The positive and negative contributions of the integration of the flow curve for 
each vessel indicated the forward and reverse volumes through that vessel respectively. 
We then summed each of these volumes for both the left and right internal or external 
iliac arteries to assess the OFR for either the internal or external iliac artery. We also 
evaluate the total peripheral OFR by summing the reverse and forward of all four iliac 
bifurcations and quantifying the ratio. 
 
 We chose to evaluate flow and OFR in the periphery rather than WSS for two 
reasons. First, the method we described previously to quantify WSS from PCMR would 
not be reliable in these peripheral vessels because the diameter of these vessels is only 2-
4 times greater than the image resolution. Second, we were interested in the WSS in the 
abdominal aorta because we believe it to be related to early vascular inflammatory 
processes increasing risk for AAA. By comparison, we were not interested in disease risk 
of the internal or external iliac arteries in this study (although the role of WSS in PAD 
pathology is important). For this study, we are only interested in how changes in the flow 
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profiles (as a proxy measure for resistance) of these peripheral vessels may affect the 
upstream hemodynamics.  
5.2.5 Analysis and Comparisons 
 We first compared the OSI values around the circumference at the midpoint of the 
abdominal aorta amongst all volunteers. Because each volunteer will have measurement 
at the same relative 80 points around the vessel we could average the results of  
circumferentially equivalent places within each of our four groups. Here, we reported the 
mean and standard error of each of the four groups at each of the normalized positions. 
 Next we evaluated the peripheral flow profiles amongst all groups. We quantified 
forward and reverse flow by direct integration of the area above and below the flow vs 
time curve respectively in the left and right internal and external iliac arteries for each 
volunteer. We then evaluated the OFR as the sum of reverse flow in both the left and 
right internal or external iliac artery divided by the sum of forward flow for the same 
arteries. In doing so we ignored any differences in vessel flow between the right and left 
peripheral arterial systems. Comparison of the left and right vessels in each volunteer 
indicated that there were no appreciable differences in the flow volume or rates between 
the two sides.  For each group we averaged the internal and external iliac OFR values of 
all patients and made statistical comparisons between each group using a two-tailed t-test. 
We performed similar comparisons to evaluate how each of the forward and reverse flow 
volumes in the internal and external iliac arteries differed. This comparison allowed us to 
assess whether differences in forward or reverse flow were responsible for dissimilarities 
in the calculated OFR.  
 Finally, we evaluated how changes in iliac OFR were related to differences in 
aortic OSI. For each volunteer, we averaged the OSI around the circumference of the 
aorta and plotted it separately against the internal iliac OFR, external iliac OFR, and the 
total iliac OFR (quantified as the net reverse volume of all four iliac vessel normalized to 
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the net forward volume) to look for any relationship. In these evaluations we made purely 
qualitative assessments of the relationships, though an increase in numbers for all four 
groups would improve the potential for statistical comparison.  
5.3 Results 
The wall shear stress profiles around the circumference of the vessel were 
determined for each of the volunteers of the study populations described above and the 
OSI was quantified. Figure 5.2 shows the average and stand error of the mean plotted at 
each normalized circumferential position for each of our populations.  
 
Figure 5.2 Circumferential Differences in OSI Between Healthy Men and Women, 
Women with Fibroids and Women with Hysterectomy. This figure is a summary of the 
average OSI values taken around the circumference of the aorta beginning on the left side 
(theta=0), moving towards the posterior and ending at the left side again (theta=2π) for 
each of the four groups studied in this aim. The average and standard error of the mean 
are plotted at each normalized circumferential position for the midpoint of the abdominal 
aorta. As expected from our results showing differences in aortic WSS between healthy 
men and women, men exhibited significantly higher OSI than women at all points around 
the circumference. Our population of women with symptomatic uterine fibroids showed a 
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reduction in OSI compared to all groups and a much more homogeneous circumferential 
distribution. Our hysterectomy group appeared to be only significantly different than our 
patient group with fibroids and while the OSI on the posterior of the vessel is higher than 
healthy women, the anterior of the vessel is much more similar.  
For all the volunteers in each of these four groups, we quantified the OFR for the 
internal and external iliac arteries. Figure 5.3 summarizes our results showing the average 
and standard error of the mean for each group. Using a two tailed t test between each 
population, we found significant differences in the internal iliac OFR of men compared 
with both control women and with women with fibroids p<0.05 and between control 
women and women with fibroids, as well as a significant difference in the external iliac 
OFR of men with women with fibroids p <0.05. 
 
Figure 5.3 Internal and External Iliac OFR Comparisons. We found significant 
differences between healthy men and women with fibroids in the external iliac arteries. 
We also found differences between men and healthy women, men and women with 
fibroids, and healthy women and women fibroids in the internal iliac OFR. While the 
OFR in the internal iliac artery of our patient group with hysterectomy was greater than 
in our healthy women group, the difference did not reach significance.  
Given the differences we observed in the each of the arteries’ OFR values among 
the populations, we assessed whether differences in the forward or reverse volumes were 
driving these differences. Figure 5.4 shows our results for the average and standard error 
of them mean of the forward and reverse volumes of each of the four groups.  
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Figure 5.4 Comparison of Iliac Forward and Reverse Flow Volumes. To assess whether 
changes in the forward or reverse flow could explain differences observed in the OFRs, 
we evaluated each of these volumes in both arteries amongst all groups. Our subjects 
with fibroids showed a higher internal iliac forward flow volume and lower reverse flow 
volume than all other groups. Internal iliac reverse flow volume was different among all 
group comparisons except for our healthy women compared with women with 
hysterectomies. There were no differences in the extent of forward flow volume in the 
external iliac artery however there was a significant reduction in external iliac reverse 
volume in healthy men compared to women with fibroids.  
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Finally, we assessed how these differences in peripheral flow oscillations might 
relate to the average OSI calculated at the midpoint of the abdominal aorta. Figure 5.5 
shows the relationship of the internal iliac artery and OSI on the left and external iliac 
artery OFR and OSI on the right for each volunteer. 
 
 
Figure 5.5 Relationship of Internal and External Iliac OFR with Aortic OSI. Our 
evaluation of Internal Iliac OFR with average aortic OSI around the circumference at the 
midpoint of the abdominal aorta showed a very weak, almost non-existent positive 
relationship. There was a slightly stronger positive relationship between the external iliac 
OFR and average aortic OSI. This is not unexpected given that there is roughly 2-3 times 
the flow volume through the external iliac artery compared to the internal iliac artery and 
so it would contribute a larger effect to the upstream hemodynamics. 
We then created a combined OFR for both the internal and external artery using 
the sum of the forward and reverse volumes for all four vessels of each volunteer. We 
then plotted these values to assess what relationship might exist. We assessed multiple 
forms of functional fits to this data to assess the best description of the relationship. We 
found the a two term power function yielded a better goodness of fit (r2= 0.5830) than a 
linear fit (r2=0.4898).   
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Figure 5.6 Relationship of Total Iliac OFR with Aortic OSI. Creating a combined 
peripheral OFR that sums both internal and external iliac artery forward and reverse flow 
volumes, we find the strongest relationship to aortic OSI. The relationship appears to be 
more linear at lower peripheral resistance and somewhat asymptotic as the peripheral 
OFR increases. This division also appears to be along sex lines, with the female groups 
demonstrating a greater change in OSI with smaller changes in peripheral OFR.  
5.4 Discussion 
The purpose of this aim was to evaluate how peripheral flow might differ between 
men and women, and to assess if these differences would be related to the observed 
differences in aortic hemodynamics. The major findings of this aim were that women 
with uterine fibroids have a decreased average aortic OSI relative to women without 
fibroids and men, women who have had a hysterectomy show a (statistically non-
significant) increase in OSI compared with women with intact uterine architecture, and 
the aortic OSI in women appears to be more sensitive to changes in peripheral flow 
oscillations as measured by PCMR compared with men.  
5.4.1 Differences in Aortic OSI  
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In comparing the aortic hemodynamics among these four groups we first found a 
significant reduction of the OSI at every point around the circumference in our fibroids 
groups compared with the other three populations. As expected from our work described 
in the previous chapter, our control women had a reduced OSI compared with our control 
men. Finally, the hysterectomy group showed no significant differences between either 
the healthy male or female controls however the observed values were more similar to 
men in the posterior of the vessel and more similar to women in the anterior. This 
hysterectomy group also showed the highest degree of heterogeneity in OSI around the 
circumference compared to the other 3 groups. Given the low number of women with 
hysterectomies enrolled in the study and the high intra-population variability we 
observed, it is still possible that this group does exhibit significantly different WSS 
profiles than healthy women and further study is necessary.  
These patient groups were chosen because we expected that the affected 
peripheral arterial systems would alter aortic hemodynamics that might influence risk for 
AAA. This phenomenon is observed in patients with spinal cord injuries (SCI) who are at 
an increased risk for developing AAA.[163] A previous study showed that in these 
patients there is a reduction in mean aortic flow rates coupled with a decrease in iliac 
flow rates as well. [103] Patients with PAD are similarly at increased risk for developing 
AAA.[101] One study showed there are reduced flow rates in many of the peripheral 
vessels included the common femoral which is the primary daughter branch of the 
external iliac artery evaluated here.[166] It remains unanswered, however, if this induces 
an increase in aortic OSI prior to AAA onset.  
5.4.2 Differences in Peripheral Flow 
Our results indicate, first, that there is a significant difference in the peripheral 
flow resistance using OFR as a proxy measure. This difference is limited to a reduction in 
OFR in the internal iliac artery of women when compared with men. When we evaluated 
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how this parameter changed in the setting of low resistance uterine fibroids, we found a 
further reduction in the OFR of this group of subjects. When we compare these groups 
against those women who have undergone a hysterectomy we find that the reduction in 
comparison to men no longer holds. The increase in OFR in the post hysterectomy group 
is not significantly different from healthy control women. Collectively, these data 
indicate that modulation of the uterine artery affects the internal iliac flow profile 
significantly. It is worth noting that the internal iliac OFR of the post-hysterectomy 
cohort were not significantly lower than the healthy male group as they were with both 
other female groups. This reinforces our hypothesis that changes in the uterine artery 
profile will have an important impact on flow in the internal iliac artery. It is known that 
with menopause, there are decreases in uterine artery flow which are partly controlled by 
estrogen status.[167] A previous case control study showed that women with AAA who 
reach menopause earlier in life have a larger aneurysm. [168] These studies support the 
trends in our data showing that women with hysterectomy have an increase in flow 
reversal compared with healthy women in the internal iliac artery. 
Because OFR is (as the name suggests) a ratio, we explored if forward flow, 
reverse flow, or both are driving the differences we observed above. As Figure 4 shows, 
we found significant differences in some of these volume measurements related to the 
identified differences in Figure 3. Most notably our patient population with symptomatic 
fibroids exhibited nearly zero flow reversal in the internal iliac artery. This was 
significantly lower than all three other groups and was physiologically expected given the 
very low resistance of the fibroid tumors. Additionally, the reduction in internal iliac 
OFR in healthy women when compared with men appeared to be driven by a reduction in 
flow reversal rather than any differences in forward flow. The lack of significant 
differences in external iliac artery flow volumes was an interesting outcome given that 
we may have expected differences in flow volumes due to the differences in lower limb 
muscle and size between the sexes. However a previous study looking at sex and age 
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dependencies on lower limb blood flow showed that in this age group, men and women 
had similar hyperemic responses to exercise.[169] This study also showed that older 
women (60-80 years old) had better preservation of hyperemia than men of a similar age. 
This observation suggests that changes in external iliac (and consequently femoral artery) 
flow with age may be another important consideration when evaluating women for 
increased risk of AAA.  
5.4.3 Relationship of OSI to Peripheral Flow Oscillations 
Finally, the most significant component of this study was to evaluate how any of 
these changes in peripheral flow may translate upstream to differences in abdominal 
aortic hemodynamics. While we hypothesized that the changes in internal iliac artery 
would mediate differences in aortic shear, there did not seem to be a direct relationship 
between the internal iliac resistance and the average aortic OSI. We noted a weak 
relationship with the external iliac artery oscillatory flow but the strongest relationship 
seemed to arise from a combination of the internal and external iliac artery flow waves. 
This last comparison is probably the most appropriate given that both arteries are 
contributing simultaneously to the aortic hemodynamics. Further it appears that this 
relationship is dependent upon the extent of peripheral flow reversal as a power function 
best described the relationship between total peripheral OFR and aortic OSI. Our female 
volunteers (regardless of condition status) all had lower total peripheral OFR than our 
male group. This suggests that the aortic OSI in women is more sensitive to differences in 
peripheral flow than it is men. Thus our overall hypothesis that women who experience 
changes in uterine artery flow either by normal physiologic (pregnancy or early 
menopause), pathophysiology (tumors) or interventional (hysterectomy) pathways could 
have an altered risk of aortic disease requires further investigation  
5.4.4 Limitations and Future Work 
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 A primary limitation of this study is the relatively low numbers of volunteers in 
each group of interest when compared to the spread of values we obtained from both 
patients and volunteers. This is, in part, due to the difficulty of capturing the internal iliac 
arteries in a cross sectional plane especially in women, for the internal iliac artery must 
curve posteriorly around the uterus. Further, we did not measure uterine artery blood flow 
directly, only internal iliac arterial flow. There are other branches of the internal iliac 
artery supplying the pelvic musculature which may contribute differences between men 
and women; however, this would not explain the differences we observed with the 
specific patient populations we chose. 
An ideal next step for this work would be an intra-volunteer comparison of women 
with fibroids after each patient has had her embolization procedure as well as a 
comparison of women prior to and after their hysterectomy. This experiment would allow 
us to assess the changes in peripheral flow when only uterine blood flow has been altered. 
Additionally, this would allow us to further delineate the role of pelvic flow and its 
influence on arterial flow. Another follow up study would be the evaluation of conditions 
such as early hysterectomy, both with and without ovarian function retention, and the 
relationship with AAA development. A literature search reveals no such population 
analysis, however, the low incidence of AAA in women and the declining use of 
hysterectomy in young women may make such an evaluation difficult. A final 
worthwhile study would be to look at how uterine flow changes at the peri-menopausal 
and post-menopausal time may affect aortic hemodynamics as we expect changes in 





AORTIC WALL DISPLACMENT AND STRAIN AS MEASURED BY 
DENSE MRI 
6.1 INTRODUCTION 
 In the setting of vascular health, changes in the tissue mechanics of the vessel 
wall can have considerable effects on the long term prognosis of vascular disease.[108, 
170] It has been observed that aortic compliance (the ability to expand in response to a 
pressure load) decreases with aging. Consequently, this alters the systemic resistance and 
increases the required work output of the heart increasing risk of myocardial disease.[41, 
107, 116, 171] In the setting of progressive aortic disease, changes in the wall’s material 
properties can have considerable impact on the risk of disease specific sequela. For 
example, changes in the microstructural property of the aorta early on could pre-dispose 
the vessel to remodel in a pathophysiological deleterious manner.[172-174] AAA results 
from the pathophysiological expansion of the vessel with progressive stages of 
destructive remodeling by way of MMPs and cathepsins followed by stages in which new 
extracellular matrix is laid down.[175, 176] This persistent remodeling results in a 
heterogeneous makeup of the vessel wall structure and components. Localized sites of 
adverse remodeling can be expected to be associated with high risk of rupture in the 
disease as well.[21, 157, 158] Given the importance of the solid biomechanics in the late 
stages of AAA, having an understanding of baseline properties could highlight the 
particular profiles of patients at risk for development and progression of the disease. 
Given the strong familial history and the associated genetic loci related to biomechanics, 
utilizing a method to quantify tissue mechanics properties and track over time can lead to 
a better assessment of risk of disease development.  
 It has been demonstrated that aortic stiffness is an independent predictor of 
cardiovascular morbidity and all-cause mortality.[121] Stiffness has been shown to 
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increase with age, and when comparing men and women this rate of increase is 
significantly different with age.[177] Most notably, women appear to have a much slower 
increase in stiffness through their life until they reach menopause at which point there is a 
sharp increase in aortic stiffness and they approach the same level of stiffness as men. 
This increase in stiffness correlates strongly with the onset of many cardiovascular 
diseases and it precedes AAA in women by approximately 20 years. In vivo estimations 
of collagen and elastin show that there is larger age related increase in the stiffness of 
isotropic elastin and anisotropic collagen in men than in women who. [171]  
 The optimal method for quantifying solid mechanics and tissue properties of a 
blood vessel involve generation of pressure diameter curves, use of bi-axial testing, and 
histological staining for microstructural quantitation.[24, 25] However, if the need is to 
measure mechanics in vivo, these tests are not possible. Thus, imaging techniques 
coupled with computational methods can play a vital role in the quantification of 
mechanical properties in the vessel. This project proposes the application of 
Displacement Encoding with Stimulated Echo (DENSE) MRI in the vessel wall of the 
abdominal aorta of healthy men and women to assess the differences between the sexes in 
both displacement and strain. In this technique, the phase of the MR signal is used to 
acquire the in-plane displacement for each voxel in both primary image directions.[178] 
Unlike other displacement measuring techniques that utilize the image magnitude and 
implement speckle or tissue tracking, DENSE is able to resolve displacements that are 
smaller than the resolution of the image itself. Previously, DENSE imaging in the aortic 
wall has only been reported in one study. In that work, the displacement was measured in 
the ascending aorta at mid diastole and peak systole to assess asymmetric stretch profiles 
around the circumference. [124] The technique has been used much more extensively to 
evaluate cardiac mechanics. The obvious advantages of this technique in the myocardium 
stem from the greater thickness of the heart wall. While technically difficult, the 
application of this method in the abdominal aorta to assess the asymmetry of both 
 88 
displacement and strain around the circumference can provide insight to the variability of 
the mechanics of this vessel both at baseline and in the setting of diseases such as 
abdominal aortic aneurysm.   
In this study we proposed to measure the displacement around the circumference 
of the abdominal aortic wall at 20 points during systole and early diastole. We also 
applied a two-dimensional strain interpolation function to quantify strain around the 
vessel. We then compared our results between healthy and men and women and assessed 
what influence this displacement measurement may have on the aortic WSS profile.  
6.2 METHODS 
6.2.1 Volunteer Enrollment 
The same healthy volunteer population described for our WSS and peripheral 
resistance calculations were used for this study. While DENSE images were successfully 
acquired for 11 female and 10 male volunteers, noise and poor signal prevented the 
inclusion of two female and two male volunteers. Therefore, 8 male and 9 female 
volunteers were included in the analysis.  
6.2.2DENSE Imaging Protocol 
For each volunteer enrolled, we performed a single DENSE acquisition. The MR 
image plane was positioned perpendicular to the direction of the vessel in the distal third 
of the abdominal aorta in order to minimize the amount of longitudinal motion of the 
vessel through the plane of the image as shown in Figure 6.1.  
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Figure 6.1 DENSE Image Acquisition. Placement of the DENSE image acquisition 
location was in the distal half of the abdominal aorta where we confirmed there to be less 
respiratory and longitudinal motion due of anatomical restrictions.  
Heart rate and breathing were both monitored in volunteers to ensure correct temporal 
acquisition. Twenty times points were acquired over approximately the first third of the 
cardiac cycle following R-wave triggering with a temporal resolution of 0.015 ms. 
Storage of images at these time points were only kept if the diaphragm was in a pre-
defined location window to minimize the effects of any respiratory motion on the 
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displacement measurements. Phase images were acquired using a displacement encoding 
value of 0.25 cycles/mm to allow for conversion from phase values to displacement in 
millimeters. The sequence performed segmented spiral k-space sampling acquisition with 
the following parameters: TE of 1.25, TR of 16, 8 spiral interleaves per image, 1 spiral 
interleave per heartbeat, slice thickness of 8 mm, and reconstructed pixel size of 
1.77mmx1.77mm. The resultant acquisition includes a magnitude, x-encoded phase, and 
y-encoded phase image for each of the time points.[126]    
6.2.3 Displacement Calculations 
For each of the magnitude images the inner and outer contours of the vessel were 
manually defined at each time point. All points inside in the inner contour and outside the 
outer contour were masked and no longer used in calculations. In this way, only voxels 
that were inside the vessel wall were included. Individual phase values in each of the 
image’s principal directions were unwrapped and then converted to displacements using 
the displacement encoding value as described previously.[123] The result of this 
processing was a set of images for which the pixel values were the displacement of the 
voxel contents in the x and y directions. Any pixel outside the defined contours did not 
contain a displacement value.  
Positions of each pixel inside the masked image were tracked from the initial time 
point and displacement maps were created for each pixel as a function of time in both 
directions. For each enrolled volunteer, we identified the peak displacement for each 
voxel (independent of direction or time point) to assess how this value changes with 
circumferential position. 
Displacement values in the principal image directions (anatomically anterior-
posterior and left-right) were then converted to a polar coordinate system centered at the 
centroid of the vessel and the circumferential and radial displacements were calculated 
according to the following equations: 
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)     (6.3) 
Where Ci,t is the circumferential displacement, Ri,t is the radial displacement, Di,t is the 
displacement in the x and y direction, and Vi,t is the vector drawn from the centroid at 
time t for the ith pixel. Figure 6.2 shows a summary of this method  
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Figure 6.2 Summary of DENSE Image Processing and Circumferential and Radial 
Displacement. (A) Representative magnitude image at the time point of peak 
displacement for the volunteer. (B) Representative X-Encoded Phase image of time point 
of peak displacement. (C) Representative Y-Encoded Phase image of time point of peak 
displacement. (D) Masked image excluding all points outside the vessel wall. (E) 
Displacement vectors at peak displacement. Blue circles indicate current position of 
vessel at this time point connected by a red line to their original position. (F) V is the 
vector from the centroid to the voxel location in the reference image and D is the 
displacement vector at some time point in the primary x-y bases of the image. Using the 
angle between the V and D as defined by Equation 6.3, we can calculate the contributions 
of the circumferential and radial displacements, C and R respectively. The directions of 
these two displacement vectors are then dependent on the position of the voxel around the 
tissue wall.  
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For each enrolled volunteer, we identified the peak radial and circumferential 
displacement for each voxel to assess how these values change with circumferential 
position, whether these values varied between men and women, and if there was a 
relationship between the direction or magnitude of displacement and the WSS profile. 
6.2.4 Strain Calculations 
To calculate the strain, we employed a previously described based on the in-plane 
biaxial deformations of four tracked points that defined a quadrilateral in the reference 
configuration.[179] For our purposes, the reference configuration was defined as the first 
time point captured in the cine DENSE image set. To create the quadrilaterals used for 
this method, we began with the masked images described in the previous section. From 
the center of the vessel we created 60 overlapping sectors around the circumference 
defined by an opening angle of π/6 (the rationale for this number of sectors and opening 
angle are described later). For each sector, the innermost and outermost voxels on the 
vessel wall which the sectors’ edges passed through were identified. In this way a 
quadrilateral could be created as shown in Figure 6.3 
 
Figure 6.3 Quadrilateral Definition. For a given sector shown above we defined the 
quadrilateral by the inner and outermost pixels through which each leg of the sector 
passes. For each sector, quadrilaterals were only included in the analysis if there were 
 94 
four unique point and four unique sides. If three points fell on the same line, the sector 
was not used.  
The locations for each of these four points were then mapped to a normalized 
coordinate system using a transformation function so that the four corners of the 
quadrilateral were represented not in x-y space but in a normalized ζ1-ζ2 space using the 
following equations: 
𝑿𝑨 (𝜻𝟏, 𝜻𝟐) = ∑ 𝒇
𝒏 (𝜻𝟏, 𝜻𝟐)𝑿𝑨
𝒏𝟒
𝒏=𝟏  A=1,2     (6.4 ) 





𝒏)    (6.5 ) 
Where XA describes the vector positions of any point inside the quadrilateral, 𝜻𝟏 , 𝜻𝟐 
describe the normalized positions and fn is the interpolation function. The four vertices of 
the quadrilaterals was assigned (𝜻𝟏
𝒏, 𝜻𝟐
𝒏) values of (1,1), (1,-1), (-1,-1), and (-1,1) to create 
a normalized quadrilateral whose vertex connectivity matched the order of the four points 
in x-y space. To determine the normalized position (𝜻𝟏 , 𝜻𝟐) for each of the pixels 
(𝑿𝑨
𝟏 , 𝑿𝑨
𝟐) inside the defined quadrilateral, the system of equations created by the 
summation function 6.4 and the interpolation function 6.5 was solved using the known 
𝑿𝑨
𝒏 position vectors in x-y space and the normalized positions (𝜻𝟏
𝒏, 𝜻𝟐
𝒏) indicated above . 
With this function, any point inside the quadrilateral can then be defined in the 
normalized coordinate system.  
The 4 vertices of each quadrilateral in the reference configuration were tracked to 
each of the remaining time points in image and a displacement vector ui,t for the i
th 
tracked point at time t was created. This displacement vector was a function of the 
quadrilateral vertices in the ζ space according to the following equation: 
𝒖𝑨 (𝜻𝟏, 𝜻𝟐) = ∑ 𝒇
𝒏 (𝜻𝟏, 𝜻𝟐)𝒖𝑨
𝒏𝟒
𝒏=𝟏 𝑨 = 𝟏, 𝟐    ( 6.6 ) 
 To calculate the strain using these displacement vectors, we created a deformation 
tensor, F, using the equation 
𝑭 = 𝑰 + 𝑯      ( 6.7 ) 
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Where I is the identity matrix, and 𝑯 =
𝜕𝒖
𝜕𝑿
 (the referential displacement gradient) where 
X is the position vector in image space. Because we defined u in terms of the normalized 
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𝒏=𝟏     ( 6.10 ) 




(𝑭𝑻 ∙ 𝑭 − 𝑰)      ( 6.11 ) 
coupled with the appropriate derivatives of the displacement function we can define the 



































)     ( 6.13 ) 
Using the first and second principal strains we compute the radial and 
circumferential strain using a rotation matrix that depends on the circumferential position 
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−𝒔𝒊𝒏(𝜽) 𝒄𝒐𝒔 (𝜽)
]  ( 6.14 ) 
The circumferential position of the initial positions of the wall’s tissue was assessed 
using the centroid of the vessel and for each voxel this value θ was used to create the 
rotation matrix. Figure 6.4 shows a colorimetric representation of the circumferential 
position for each vessel inside the wall. 
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Figure 6.4 Circumferential Position Definition. From left to right, this figure shows how 
we mapped the circumferential position around the circumference to create the rotation 
matrix in Equation 6.14. The leftmost image is the same mask in Figure 6.1. This image 
is for the first time step and thus the reference configuration. The central panel is a 
colorimetric map showing the value of theta used for each of the  points inside our frame 
based on the location of the centroid of the vessel. The final image shows the 
circumferential position for each of the pixels inside the vessel wall. 
Given this set of equations we quantified strain at all points inside the vessel wall. 
For each of the 60 quadrilaterals defined, we assessed the strain at each of the voxels 
contained within the quadrilateral using the interpolation system described above. 
Because the sectors which created the quadrilaterals overlapped with one another, more 
than one strain value would be calculated for each of the wall’s voxels. To assign a final 
strain value each voxel, we averaged the values obtained every time said voxel was 
included in a quadrilateral. We used the variance of these multiple strain values for a 
given voxel to decide how many sectors and the degree of opening angle to employ. We 
tested 60 & 80 sectors with an opening angle of π/3, π/4, π/6, π/8, & π/10 and calculated 
the combined variance for all voxels. We chose an opening angle of π/6 for 60 sectors 
because this minimized the total calculated variance. In this way we chose the conditions 
that gave us the most consistent results for each voxel.  
For each enrolled volunteer, we identified the peak circumferential strain for each 









this value differed between men and women, and if there was a relationship between the 
circumferential strain and the WSS profile. 
6.2.5 Regional Analysis 
We divided each volunteer’s map into 8 equally spaced sectors around the 
circumference and averaged displacement values within each sector across all volunteers. 
Figure 6.5 shows how sectors were  defined and numbered throughout the remainder of 




Figure 6.5 Vessel Wall Sector Definition. The vessel was divided into 8 equivalent sectors 
and the corresponding anatomical positions for each of the sector numbers are defined. 
6.2.6 Analysis and Comparisons Between Men and Women 
 We performed an ANOVA test to compare the circumferential and radial 
displacement averages in each of the sectors to assess whether these values differed 
around the vessel. We performed the same analysis for the circumferential strain values.  
 To compare the displacement and strain values between men and women we 
began by comparing each of the quartile values and the overall spread of the data. After 
 98 
dividing the data by sex, we compared circumferential and radial displacement as well as 
circumferential strain between men and women in each of the sectors using a two tailed t-
test.  
 Finally we assessed how the tissue mechanics properties are related to the WSS 
profiles using the results described here and those obtained and described in Chapter 4. 
Using a similar sector analysis we calculated the average OSI in each of the sectors and 
paired it with the average displacement and strain values. We reported these as both 
individual volunteer plots and divided by sex to evaluate what relationship exists. 
 
6.3 RESULTS 
 Both strain and displacement calculations were made for each of the 9 female and 
8 male volunteers for whom usable DENSE images were acquired. Of those 17 
volunteers, we also had hemodynamic data from PCMR for 6 women and 7 men to 
evaluate the influence of strain and displacement on WSS and flow profiles.  
6.3.1 Circumferential Variation in Displacement 
We first examined how net displacement magnitude would change as a function 
of circumferential position. For each volunteer, we identified the peak displacement at 
each pixel within the vessel wall and plotted this displacement as a function of the 
voxel’s circumferential position. We divided the circumference into 30 sectors and 
averaged the results across all volunteers to make a global assessment of displacement in 
the population. Figure 6.6 shows our observation that the largest displacements occur on 
the anterior vessel wall.  
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Figure 6.6 Average Net Displacement in the Aorta as a Function of Circumferential 
Position showing  the average net circumferential displacement across all 17 volunteers 
for 30 equally spaced bins. We noted the net displacement seems to be highest on the 
anterior and antero-lateral walls of the vessel and lowest on the posterior. This result is 
expected given the posterior of the vessel is limited in motion by the presence of the 
spine.  
To examine the directionality of the displacement vector, we resolved the 
displacement value into the radial and circumferential components as described in the 
Methods section. Plotting the data in the same manner as Figure 6.6, Figure 6.7 shows the 
differences in radial displacement as a function of position around the circumference of 
the vessel while Figure 6.8 shows the differences in circumferential displacement.  
 100 
 
Figure 6.7 Average Radial Displacement in the Aorta as a Function of Circumferential 
Position. Similar to Figure 6.5, this figure shows the average radial displacement across 
all volunteers around the circumference of the vessel. We noted, again, the highest 
displacement to be on the anterior of the vessel, however displacement in the radial 
direction on the lateral walls is lower than on the anterior.  
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Figure 6.8 Average Circumferential Displacement in the Aorta as a Function of 
Circumferential Position. This is the average circumferential displacement curve across 
all volunteers at 30 equally spaced sectors points around the circumference. In 
comparison to the radial displacement curve seen above we noted that the circumferential 
displacement is highest on the lateral portions of the vessel.   
 
Figure 6.9 shows the results for the net, radial and circumferential displacement 
measurements averaged in each of the 8 sectors. In using a one way ANOVA test for 
each of the measurements to compare across sectors, we found significant differences for 
all three displacement measurements around the circumference (p>0.0001). In a 
Newman-Keuls post-hoc analysis, radial displacement was significantly different in all 
but 3 pairwise comparisons (Sector 7 vs 6, Sector 5 vs 8, and Sector 3 v 2). Using the 
same procedure, circumferential displacement was significantly different in all but 5 
pairwise comparisons (Sector 2 vs 6, Sector 3 vs 1, Sector 7 vs 1, Sector 3 vs 7 and 
Sector 8 vs 5). Net displacement was significantly different in 17 of the 38 pairwise 
comparisons. In comparing the average circumferential and radial displacements in each 




Figure 6.9 Differences in Displacement Magnitude and Direction around the Aortic 
Circumference. The left panel shows the average radial and circumferential 
displacements among all volunteers for each sector. The right panel shows the average 
net displacement. Overall displacement is lowest on the posterior of the vessel. The 
contributions of displacement in the circumferential and radial directions change with 
position around the vessel, where radial displacement is highest in the anterior sectors of 
the vessel and circumferential displacement is higher on the lateral walls. 
6.3.2 Circumferential Variation in Circumferential Strain 
Similar to our analysis of the displacement measurements, we assessed the 
maximum circumferential strain for each voxel. Figure 6.10 shows the peak strain as a 




Figure 6.10 Average Circumferential Strain in the Aorta as a Function of the 
Circumferential Position. The circumferential strain was averaged across all volunteers at 
30 equally spaced points around the circumference. Our results indicate a high level of 
circumferential strain on the lateral wall of the vessel. 
We took the average of all the peak strains in each of the eight evenly spaced 
sectors around the circumference as shown in Figure 6.8. Performing a one-way ANOVA 
comparing the strain across all the sectors, we found a significant difference with 
p<0.0001. A post hoc analysis confirmed a significant differences between the lateral 




Figure 6.11 Peak Circumferential Strain in the Lateral Wall of the Aorta. The average 
peak circumferential strain in each of the sectors for all our volunteers are shown in the 
bar graph. The sectors with the lowest strain correspond to the right and right posterior of 
the vessel while the highest strain occur at the transition regions between the lateral walls 
and the anterior of the vessel. 
6.3.3 Potential Differences in Displacement and Strain Between Men and Women 
In addition to evaluating circumferential variation in both displacement and strain, 
we quantified differences between men and women. To compare displacement values 
calculated for each of the sexes, we also created box plots for each of the displacement 
directions. We found the ranges of circumferential and radial displacement for both men 
and women to not be significantly different. The box plots also allowed us to see that while 
there are a few measurements that qualify as outliers amongst our group, there is a fairly 
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close spread of measured displacement with median values and quartile values of 0.17 mm, 
0.47 mm and 1.05 mm for women and 0.29 mm, 0.68 mm, and 1.17 mm for men.  
 
Figure 6.12 Spread of Displacement Data in Men and Women. Boxplots of the 
circumferential displacement values for all women and men (left) show similar median, 
first, and third quartile values. The men appear to have a few values that exceed those of 
the women on the upper end, but this is the result of high displacement measurements in 
one of the volunteers. The right image shows the same boxplots but for radial 
displacement. Again we note very a similar spread of values, however we have one 
outlier female with displacements exceeding all the male volunteers in our group. 
Within each sector described in Figure 6.8 we compared the average displacement values 
between men and women. For the circumferential displacements, we found significant 
differences in sectors 2 through 6. For the radial displacements, we found significant 
differences only in sectors 6 & 7 with p<0.05. For most of these sectors, the average 
displacement value was higher for men than it was for women.  
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Figure 6.13 Comparison of Aortic Displacement Between Men and Women. Overall, 
both the men and the women follow the same trends in circumferential and radial 
displacement. We noted some significant differences within certain sectors, most often 
with men demonstrating a higher displacement value. 
As with our results summarized in Figure 6.13, we created box plots for the 
circumferential strain values of men and women and a similar result was obtained. The 
quartile values for men were 0.057, 0.13, and 0.20 while the quartile values for women 
were 0.062, 0.13, and 0.22. These results are summarized in Figure 6.14 
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Figure 6.14 Spread of Strain Data in Men and Women. The circumferential strain values 
measured for each of our populations. As with our displacement values the overall spread 
of the data is similar. Again we note some outliers in both the populations and do not 
expect that these very high strain values are true values but rather errors in our method.  
We averaged the strain values in each of the sectors for our female volunteers to compare 
with equivalently averaged values for our male volunteers. Using a two tailed t-test, we 
found significant difference in the circumferential strain between men and women in 
sectors 1, 2, and 6. In Sectors 2 & 6 women exhibit a higher degree of strain, while in 
sector 1 there is an increase in strain for men over women. 
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Figure 6.15 Comparison of Circumferential Strain between Men and Women by Sector. 
Similar to our displacement results, both sexes’ strain measurements follow a similar 
trend to the population as a whole. However, within the sectors on the right side and right 
posterior of the vessel, we noted significantly higher strain values in women than in men. 
6.3.4 Influence of Displacement on Hemodynamics 
Using the calculated displacement and strain averages from each of the sectors as 
described above, we explored the relationship between these values and local 
hemodynamics. Using the PCMR images and subsequent WSS measurements made at the 
same locations as the DENSE and displacement measurements, we computed the average 
OSI values for each of these same sectors. Figure 6.16 shows the results of the average 
peak radial displacement, circumferential displacement, and circumferential strain for all 
volunteers and divided across men and women as well. 
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Figure 6.16 Comparison of Displacement and Strain with Oscillatory Shear. From top to 
bottom, we compared the average local OSI with average radial displacement, 
circumferential displacement, and circumferential strain. The hand of the figure shows 
the plots for each volunteer as individual colors while the right shows the relationships 
grouped by sex. Overall, there was not obvious correlation noted between the 
measurements of tissue movement and local hemodynamics.  
6.4 DISCUSSION 
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This study is the first to utilize DENSE MRI to quantify time resolved 
displacement of the abdominal aortic wall. The major findings of this study include the 
demonstration of a positional dependence on the radial and circumferential contributions 
to the peak displacement vector in the aortic wall. In quantifying circumferential strain 
from displacement fields, we demonstrated that there is  as an increase in circumferential 
strain on the lateral walls. Finally, this study showed that there may be modest 
differences in the displacement and strain maps of healthy male and female volunteers.  
6.4.1 Circumferential position in aortic wall predicts principal displacement 
direction 
In this aim, we demonstrated a dependence of the aortic wall’s displacement 
magnitude and directionality on circumferential position. The location of lowest 
magnitude displacement for all our volunteers was on the posterior aorta where the vessel 
is bounded by the spine. When comparing the radial and circumferential direction 
contributions to the displacement, we noted the highest degree of radial displacement on 
the anterior of the vessel and the highest degree of circumferential displacement on the 
lateral aspects of the vessel. This observation reveals that the vessel does not expand 
uniformly around the circumference but rather pushes out anteriorly while remaining 
fixed to the spine. This finding is consistent with a previous report showing an increase in 
anterior motion compared with posterior using ultrasound (US) imaging.[180] Because 
this study used a single B-mode acquisition however, the authors were unable to explore 
the radial and circumferential contributions to the displacement vector as well as to 
compare the lateral components of the vessel wall. The asymmetry in displacement 
revealed in our study appears to be due partly to the anatomy around the vessel physically 
restricting the motion of the vessel. In comparing the lateral walls, we noted that the 
contribution of circumferential displacement on the right side was greater than that on the 
left. This could be explained by the presence of the inferior vena cava (IVC) limiting the 
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direct outward expansion of the aorta and forcing the vessel to displace along its 
circumference. 
6.4.2 Peak Circumferential Strain in the Aorta in the Postero-lateral Wall  
Because the resolution of our DENSE imaging sequence limited the number of 
transmural pixels to between 2-3 in most positions around the vessel, we elected to only 
evaluate and analyze the circumferential strain measurement from our interpolant 
method. Utilization of DENSE MR and displacement fields still presented an advantage 
over previous MR techniques using PCMR to quantify strain, however, because it 
allowed for differentiation of strain around the circumference of the vessel instead of a 
global estimate using changes in radius and strongly depend on the resolution of the 
image.[181, 182] Our results indicated that on average, the circumferential strain was 
highest on the lateral vessel. Prior histological studies evaluating abdominal aortic 
aneurysms have shown that the postero-lateral vessel specimens had microstructural 
changes that elevated this site’s risk of rupture including a decrease in collagen content 
and an increase in lipid deposition.[183] This fits with post-mortem studies showing that 
ruptures happen most frequently on the lateral wall of the vessel.[184] While our study 
evaluated the strain in normal healthy aortas, its application in AAA patients could 
provide insight to improve identification of aneurysms at risk for rupture.  
6.4.3 Potential Differences Between Sexes in Tissue Mechanics as Measured by 
DENSE MRI 
To assess how sex may influence these measurements, we separated our divided 
our volunteers by sex and assessed how displacement values may differ globally. Figure 
6.12 shows that, overall, the peak displacement values throughout the vessel are very 
similar for both men and women. However, when grouped by sector, a few differences 
between the populations were noted. Our male population showed a higher degree of 
radial displacement in the posterior aspect of the vessel, however the displacement values 
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were so small in this region it is difficult to interpret this result with clinically appreciable 
meaning. It is unlikely that the observed differences in radial displacement have much 
significance as these values are the smallest among all the sectors (to be expected as a 
result of the restriction of movement by the spine). With respect to circumferential 
displacement, we observed a more displacement in men on the right of the vessel where 
the aorta abuts the IVC. Previous studies using MRI to evaluate possible differences in 
aortic mechanics between men and women were limited to measuring distensibility and 
estimates of compliance. A recent study of 777 subjects showed a steeper decline in 
aortic distensibility and compliance in women with aging, however, no difference was 
observed in the age group looked at in this study.[185]  
Additionally, it is interesting to note that our results summarized in Chapter 4 
show that the women in our population have significantly smaller abdominal aortic radii 
(Figure 4.4). If the aortic radius is smaller in our female population and the displacements 
are similar, we would expect strain fields to be different between the sexes as we 
observed. When comparing the circumferential strain within each of the vessels we 
observed higher circumferential strain in women on the posterior-left of the vessels.  
It is worth noting, however, that the sectors were created based on primary 
anatomic directions (anterior-posterior-left-right) while our methods allow for more 
finely resolved displacement and strain fields. Sectors were created in order to allow for a 
more straightforward comparison amongst volunteers and may represent an 
oversimplification of the data. However, this analysis does provide normal ranges in each 
of these regions of the vessel that currently do not exist for a healthy population, 
especially from a sex-based perspective. With a larger cohort, it may be possible to create 
a normalized vessel allowing for easy identification of vessel segments with abnormal 
displacement or strain values.  
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6.4.4 No Observed Relationship Between Regional Displacement Values and Aortic 
WSS Profiles 
Finally we attempted to identify what relationships may exist between hemodynamics 
and tissue mechanics. For each volunteer, we identified matched the WSS data we 
obtained (as described in Chapter 3) with the measured displacements and strains. Similar 
to our sector method to compare displacement and strain values, we averaged the OSI 
values within equivalent sectors. We plotted these averaged OSI values against the 
respective radial and circumferential displacement and circumferential strain 
measurements for each of our volunteers as seen in Figure 6.16. We also divided these 
scatter plots by sex to determine if there may be a differential influence of sex on the 
relationship between any of these tissue mechanics and the hemodynamics. As is evident 
from our plots, it is clear there are no easily identifiable relationship between oscillatory 
shear and either displacement or strain. We know that there is a definite relationship 
between how the tissue moves and the shear patterns in the vessel. We do not think that 
our results are indicative of the opposite, but rather that our measurements and analysis 
were insufficient to demonstrate such a result. The field of fluid-solid interaction (FSI) 
uses much more complex computational modeling to quantify these relationships.[186] 
Further, these types of methods and modeling problems are used to evaluate much more 
complex flow conditions than what we are observing here. With our method we are only 
able to resolve two dimensional in plane displacement and strain fields as well as 
unidirectional wall shear stress. It is still possible that differences exist between men and 
in women in the how the tissue mechanics influence the hemodynamics, however, more 
advanced computation may be required to identify or explain such differences. 
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Chapter 7  
 
CONCLUSIONS AND FUTURE DIRECTIONS 
7.1 SUMMARY 
The goal of this project was to provide understanding for why men are more likely 
to develop abdominal aortic aneurysms than women. Specifically, we hypothesized that 
the abdominal aorta of men experiences a more pro-inflammatory biomechanical 
environment when compared with that in women. To test this hypothesis we developed a 
new method using MRI to quantify WSS in the abdominal aorta and applied it in a group 
of healthy men and women. Comparisons of the flow profiles, oscillatory shear index, and 
time averaged WSS magnitude were made between men and women along the length of 
the abdominal aorta. We then evaluated three innate vascular parameters that we expected 
to influence the vessel’s hemodynamics and to be different between men and women, 
namely how curvature and radius of the aorta differed between men and women, how the 
presence and alteration of uterine artery blood flow might influence aortic hemodynamics, 
and finally if aortic wall displacement and strain as measured by MRI were significantly 
different between the sexes. 
7.1.2 Development and Validation of 2D PCMR WSS Calculation Method 
Our first step in this work was to develop and validate a new method for 
quantifying WSS from 2D PCMR. There have been many previously proposed methods 
for this purpose that fit direct velocity measurements to estimate wall shear rate and 
hence wall shear stress.[135, 136, 142, 187] These methods are known to be unreliable 
when noise is high or when the resolution of the image sets is poor relative to the size of 
the vessel. The largest issue with these methods stems from the difficulty of accurately 
identifying the location of the vessel wall, necessary to calculate the wall shear stress. By 
comparison, our method utilizes regional flow waves determined by overlapping sectors 
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and the Womersley solution to the Navier Stokes equations to quantify wall shear 
stress.[137] Our sensitivity analysis demonstrated that the results from this method were 
not significantly affected when the wall position was changed by up to 10%. Further, we 
showed that this method reliably reproduces results from one PCMR acquisition to the 
next. Finally, we compared our results of this method against a CFD simulation with 
patient specific geometry and boundary conditions and demonstrated that our method had 
a mean reduction in wall shear stress of less than 5 dyn/cm2 which we considered to be 
clinically non-significant.  
7.1.2 Application of WSS Method in Men and Women 
We then applied this method in a group of healthy men and women. For each of the 28 
volunteers, we acquired multiple PCMR image sets along the length of the aorta oriented 
perpendicular to the primary axis of the vessel. We quantified the OSI from the WSS 
waveforms at eighty evenly distributed locations around the vessel for each of these 
image sets. Using anatomical data from a non-contrast angiogram, we identified the 
relative location of each slice along the vessel length and were able to make comparisons 
for equivalent relative positions among all volunteers. We demonstrated that women have 
a significant reduction in OSI at all points in the aorta when compared with men. This 
result is consistent with our overarching hypothesis that men are predisposed to 
developing an AAA more so than women as a result of these pro-inflammatory 
biomechanics. We showed that this difference in OSI is strongly correlated with the 
extent of regional flow reversal and is highest in both men and women in the distal 
posterior region of the vessel.  
7.1.3 Differences in Aortic Geometry and Relationship to Aortic Hemodynamics 
After establishing a difference in the aortic WSS profiles of men and women, we 
explored what vascular parameters may underlie and explain why these dissimilarities 
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exist. In our first specific aim, we used reconstructions of non-contrast angiograms to 
evaluate differences in radius and curvature of the vessel, as both of these geometric 
features are known to influence WSS and OSI distribution. We found, as others have 
reported, that men have a larger aortic radius along the entire length of the vessel than 
women.[107, 122] We also demonstrated that in the distal half of the abdominal aorta, 
women have a greater degree of curvature when compared with men. We had 
hypothesized this result, as the lumbar spine in women is more lordotic and the pelvis is 
tilted to accommodate the birth canal.[188] We then looked to see what impact each of 
these parameters may have on the local hemodynamics and first noted that in both men 
and women, a larger radius correlated with a larger in OSI. With an increase in vascular 
curvature we hypothesized that there would be an increased difference in the OSI 
between the inner and outer curvature (posterior and anterior, respectively in the 
aorta).[189] On average, we found that women have an increase in the relative difference 
between the minimum and maximum OSI compared with men in the distal half of the 
aorta.  
7.1.4 Relationship of Uterine Artery Blood Flow and Abdominal Aortic 
Hemodynamics 
The second vascular parameter we hypothesized to be different between men and 
women and to exert influence over aortic hemodynamics was peripheral resistance. 
Because uterine artery flow is only present in women and it is one of the only blood 
vessels in the peripheral vasculature that exhibits no flow reversal under normal 
physiological conditions, we proposed that this low resistance vessel may be responsible 
for the reduction in oscillatory shear we observed in the abdominal aorta. Because the 
uterine artery is too small to visualize by MRI reliably, we measured flow in the internal 
iliac arteries (the primary artery to the pelvis in both sexes) of our healthy men and 
women and found a significant reduction in oscillatory flow in women compared to men. 
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To confirm that this effect was due to the uterine artery, we identified two patient 
populations that represented a modulation of uterine artery resistance.  
We recruited otherwise healthy women with symptomatic uterine fibroids (highly 
vascularized non-malignant tumors) and showed an even further reduction in the internal 
iliac oscillatory flow of this group compared to healthy women. We then recruited 
women who had undergone a hysterectomy (while retaining ovarian function) and 
showed no significant differences in internal iliac oscillatory flow. To confirm that the 
effect in the group of patients with fibroids was isolated to the pelvic blood flow we 
showed no significant changes in the extent of flow reversal of the external iliac artery 
which supplies the lower limb. We then wanted to evaluate what influence this change in 
pelvic flow may contribute to the aortic hemodynamics as there was a significant 
reduction in OSI in our fibroids group and a moderate (non-significant) increase in our 
hysterectomy group compared to our healthy female controls. We did not observe a 
strong relationship when we compared the internal iliac flow with the OSI. However, if 
we compared the total iliac flow oscillations (a combination of both internal and external 
iliac artery flow waves), we discovered aortic OSI in women was much more sensitive to 
change in peripheral flow than in men. This suggests that changes in peripheral flow 
profiles in women may alter aortic hemodynamics (more so than in men) in a manner 
that increase risk for developing abdominal aortic aneurysms. 
7.1.5 Implementation of DENSE Imaging and Strain Quantification in the 
Abdominal Aorta  
The last vessel parameter we elected to explore was tissue deformation, as there 
are histological data showing differences in the elastin and collagen orientation of the 
aorta between men and women that suggest potential differences in vessel 
compliance.[171] We utilized DENSE MR imaging to quantify displacement in the 
vessel wall. This imaging sequence provided an advantage over other speckle or pixel 
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tracking methods as it allowed us to measure displacements smaller than the resolution of 
the image itself.[178] We acquired these images in the distal half of the abdominal aorta, 
oriented perpendicular to the vessel’s trajectory, permitting quantification of 
displacement vectors during the systolic phase of the cardiac cycle. This is the first 
reported implementation of the DENSE imaging sequence in the abdominal aorta. 
In comparing the displacement vectors around the vessel we found significant 
differences in both the magnitude and direction. The anterior and antero-lateral walls of 
the aorta showed the largest net displacement while the posterior demonstrated the least. 
This is expected given the restrictions to motion imposed on the vessel by the spine in the 
posterior region. We also observed a greater degree of circumferentially oriented 
displacement on the lateral walls of the vessel and radially oriented displacement on 
anterior wall of the vessel. Using a previously described bi-axial strain interpolation 
method, we found the highest degree of circumferential strain on the posterior “elbows” 
of the vessel, where the lateral walls meet the posterior wall. This observation is 
significant given previous studies which have shown more microstructural changes in the 
lateral walls of AAA that could increase the risk for rupture at that location.[183] Lateral 
and dorsal segments of the aorta taken from excised aneurysmal specimens showed 
increased cholesterol-rich lipid core and decreased collagen quantity compared to the 
anterior wall. It is possible that this heterogeneity in wall mechanics is not significant in 
the early stages of disease development but becomes more important as the disease 
progresses. Our observations that there is an increase in circumferential strain in the 
aorta that experiences the highest rate of rupture in an AAA patient implicate the role of 
underlying tissue properties in the risk of disease mortality.  
7.1.6 Differences Between Men and Women in Aortic Mechanics and the 
Relationship with Hemodynamics 
We next evaluated whether our observations were similar between the sexes or if 
the tissue deformation were in any way related to the hemodynamics. Overall, we did not 
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observe any significant differences in the range of measured displacements between men 
and women. If we looked regionally, we observed that there were significant differences 
in the circumferential displacement on the right side of the vessel with men 
demonstrating a higher degree of circumferential displacement. In this same region, 
however, we observed an increase in circumferential strain in women compared with 
men. This is most likely a result of both men and women having similar displacement 
values but with women having a smaller radius. This increase in strain in women at 
baseline could potentially explain the increased rupture risk for women once disease has 
developed even in the face of equivalent aneurysm diameter.[190]  
We did not observe any significant or meaningful correlation between the 
hemodynamics and the calculated strain or displacement. It is still certain that tissue 
mechanics and hemodynamics are related. However, in our population of all healthy 
individuals the variation in tissue properties may have been too small to reveal a 
relationship in the hemodynamics.   
Figure 7.1 summarizes our findings the potential implications.  
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Figure 7.1 Potential New Risk Factors for AAA 
7.2 FUTURE WORK 
The long-term clinical goal of this research is to aid in the understanding of 
differences in pathophysiology of abdominal aortic disease between men and women. 
Currently, screening for AAA is not recommended in women, despite the increased risk 
in rupture for women who do develop aneurysms.[18, 68] The work laid out here may 
provide insight into how we could begin to develop selective screening tests for 
populations of women having a baseline increased risk for developing the disease. More 
broadly this work attempts to address the pressing need for sex-based research in all 
cardiovascular disease. [191] 
  Our work here shows that there are significant differences in the WSS profiles of 
the sexes, however, the role of WSS in AAA still needs to be clarified. Ideally this would 
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include a longitudinal study in which WSS measurements are made for a set of the 
population who would be followed and monitored for development of this disease. 
However, because of the low incidence of the disease (particularly in women) this 
approach may be impractical. Further animal model work validating the causal 
relationship between oscillatory shear and aneurysm is the most appropriate method for 
confirming this but is outside the scope of this project.[71]  
A potentially important follow-up study for our project looking at the role of 
peripheral resistance, and specifically uterine artery flow, would be to recruit women 
prior to both uterine artery embolizations and hysterectomies and measure flow before 
and after treatment. This would allow for a direct intra-volunteer comparison.  It would 
also be beneficial to perform a population study to evaluate the risk of developing an 
AAA after having had a hysterectomy early in life. Such a study could be performed 
using some of the currently available databases that are targeted towards women’s health 
such as the Women’s Health Initiative or the Nurses’ Health Study.  
Another worthwhile pursuit is the differences in age related vascular changes in 
the abdominal aorta between men and women. It has previously been shown that the 
distensibility of the aorta decreases with age at a different rate between men and 
women.[115] Specifically, the most significant decreases in compliance in women occur 
around menopause (as measured by pulse wave velocity) at which point the measured 
difference in compliance between men and women seems to disappear.[192] In addition 
to these changes in compliance, uterine artery blood flow declines as a result of loss in 
hormonal regulation of spiral artery formation.[193] It has not yet been explored 
however, whether these two change significantly alter either the aortic hemodynamics (as 
a result of downstream resistance) or the aortic tissue mechanics properties. The ideal 
experiment would be to measure both tissue displacement and peripheral flow as we 
described in this experiment and monitor how these values change over time in men and 
women. However, we would expect that at least 5 to 10 years would be required to 
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observe any significant differences. Therefore a more feasible alternative would be to 
compare the peripheral flow and aortic WSS profiles of members of the age population 
that we have observed here against peri-menopausal and post-menopausal women and 
age matched men.  
An additional experiment that would be of tremendous value is the validation of 
the strain method used in our work here. Validation of this would require use of an MRI 
compatible material with known mechanical properties and a mechanism to load the 
vessel under a known condition. Ideally, a cylindrical tube of this material would be 
connected to a flow pump for which intra-tube pressures are known. DENSE acquisition 
could occur using artificial EKG triggering, and both the displacement and strain in the 
tube material would be calculated using the methods described here. Additional 
calculations would be made using the tube’s material properties and the known loaded 
pressures and comparisons between the two results would be made. 
While MRI was the imaging tool of choice for this study, previous work has 
utilized ultrasound to quantify displacement and strain in the abdominal aorta. [180] With 
advances in 3D U/S, quantification of tissue mechanics at multiple locations around the 
circumference could be performed and compared with results obtained using the methods 
described here. This would provide an additional level of validation for our methods as 
well as potential easily accessible imaging tool to be utilized in screening.   
7.3 CLINICAL IMPLICATIONS 
The purpose of this work was to provide a biomechanical basis for the disparity in 
risk of AAA development between men and women. We tested the hypothesis that men 
would exhibit a higher degree of oscillatory shear than women, with the underlying 
assumption that oscillatory shear plays a role in the development of AAA. We further 
hypothesized that there would be sex-specific differences in geometry, peripheral 
resistance and tissue mechanics that would be related to and causal of these differences in 
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oscillatory shear. Our foremost conclusion that women exhibit less pro-inflammatory 
WSS than men is important for how we should consider sex differences in 
pathophysiology of cardiovascular disease beyond just what we observe in the aorta. It is 
likely that in other regions of significant cardiovascular burden, such as the carotid and 
the coronary arteries, there may be additional vascular parameters that differ between 
men and women and affect the course of the disease. This body of work furthers the case 
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